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ABSTRACT	  
Methoxypyrazines	   are	   aroma	   active	   compounds	   found	   in	   many	   wine	  varietals.	   These	   compounds	   can	   be	   of	   either	   grape-­‐derived	   nature	   or	   can	   be	  introduced	   into	   wines	   via	   Coccinellidae	   beetles.	   Regardless	   of	   their	   origin,	  methoxypyrazines	  can	  have	  either	  a	  beneficial	  role	  for	  wine	  quality,	  contributing	  to	  the	   specificity	   of	   certain	   wine	   varietals	   (Cabernet	   sauvignon,	   Cabernet	   franc,	  Sauvignon	   blanc)	   or	   a	   detrimental	   role,	   particularly	   at	   higher	   concentrations,	  resulting	   in	   overpowering	   green,	   unripe	   and	   herbaceous	   notes.	   When	  methoxypyrazines	   of	   exogenous	   nature	   are	   responsible	   for	   these	   unpleasant	  characteristics,	  wines	  are	  considered	  to	  be	  affected	  by	  what	   is	  generally	  known	  as	  Ladybug	  taint	  (LBT).	  
This	  is	  work	  is	  a	  collection	  of	  studies	  seeking	  to	  create	  a	  sensitive	  analytical	  method	   for	   the	   detection	   and	   quantification	   of	   methoxypyrazines	   in	   wines;	   to	  investigate	   the	   role	  of	  different	  Coccinellidae	   species	   in	   the	   tainting	  of	  wines	  with	  LBT	  and	  identify	  the	  main	  compounds	  in	  ladybug	  tainted	  wines	  responsible	  for	  the	  typical	   green	   herbaceous	   characteristics;	   to	   determine	   the	   human	   detection	  threshold	   of	   2,5-­‐dimethyl-­‐3-­‐methoxypyrazine	   in	   wines	   as	   well	   as	   investigate	   its	  contribution	   to	   the	   aroma	   of	   wines;	   and	   finally	   to	   survey	   methoxypyrazine	  concentrations	  in	  a	  large	  set	  of	  wines	  from	  around	  the	  world.	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In	  the	  first	  study,	  an	  analytical	  method	  for	  the	  detection	  and	  quantitation	  of	  methoxypyrazines	   in	   wines	   was	   created	   and	   validated.	   The	   method	   employs	  multidimensional	  Gas	   Chromatography	   coupled	  with	  Mass	   Spectrometry	   to	   detect	  four	   different	   methoxypyrazines	   (2,5-­‐dimethyl-­‐3-­‐methoxypyrazine,	   isobutyl	  methoxypyrazine,	   secbutyl	   methoxypyrazine	   and	   isopropyl	   methoxypyrazines)	   in	  wine.	   The	   low	   limits	   of	   detection	   for	   the	   compounds	   of	   interest,	   improved	  separation	  and	  isolation	  capabilities,	  good	  validation	  data,	  as	  well	  as	  the	  ease	  of	  use	  recommend	  this	  method	  as	  a	  good	  alternative	  to	  the	  existing	  analytical	  methods	  for	  methoxypyrazine	  detection	  in	  wine.	  
In	  the	  second	  study	  the	  capacity	  of	  two	  Coccinellidae	  species,	  found	  in	  many	  wine	  regions	  –	  Harmonia	  axyridis	  and	  Coccinella	  septempunctata	  -­‐	  to	  taint	  wines	  is	  evaluated.	  Coccinella	   septempunctata	   is	   shown	   to	  be	  as	   capable	  as	   causing	  LBT	   in	  wines	  as	  Harmonia	  axyridis.	  Dimethyl	  methoxypyrazine,	  previously	  thought	  to	  be	  of	  exogenous	  nature	  only	  (from	  Coccinellidae	  haemolymph),	  is	  also	  detected	  in	  control	  (untainted)	  wines.	  The	  main	  odor	  active	  compounds	  	  in	  LBT	  wines	  are	  investigated	  through	  Aroma	  Extract	  Dilution	  Assay.	  These	  compounds	  are	  identified	  as	  	  isopropyl	  methoxypyrazine,	  sec-­‐	  and	  iso-­‐	  butyl	  methoxypyrazine.	  
In	   the	   third	   study,	   the	   human	   detection	   threshold	   for	   dimethyl	  methoxypyrazine	   in	  wine	   is	   established	   to	   be	   31	   ng/L	   in	   the	   orthonasal	  modality	  and	   70	   ng/L	   retronasally.	   After	   wines	   spiked	   with	   various	   amounts	   of	   dimethyl	  methoxypyrazine	   are	   evaluated	   sensorally,	   dimethyl	   methoxypyrazine	   causes	  significant	  detrimental	  effects	  to	  wine	  aroma	  at	  a	  concentration	  of	  120	  ng/L.	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The	   final	   study	   examines	   methoxypyrazine	   (dimethyl	   methoxypyrazine,	  
isopropyl	   methoxypyrazine,	   secbutyl	   methoxypyrazine	   and	   isobutyl	  methoxypyrazine)	   concentrations	   in	   187	   wines	   from	   around	   the	   world.	   Dimethyl	  methoxypyrazine	   is	   detected	   in	   the	   majority	   of	   the	   red	   wines	   tested.	   Data	   are	  interpreted	   through	   statistical	   analyses.	   A	   new	   measure	   for	   predicting	  greenness/herbaceousness	   in	   wines	   	   	   -­‐	   methoxypyrazine	   “total	   impact	   factor”	   is	  proposed.	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CHAPTER	  1	  –	  INTRODUCTION	  
Wine	  has	  been	  a	  source	  of	  pleasure	  and	   joy	   (as	  well	  as	  nutrition)	   for	  mankind	   for	  thousands	  of	  years.	  Sweet	  or	  dry,	  bold	  or	  shy,	  complex,	  light,	  austere	  or	  rich,	  wine	  owes	  its	  quality	   to	   a	   variety	   of	   factors.	   A	   very	   important	   part	   of	   its	   complexity	   comes	   from	   its	  aromatic	  matrix,	  which	   is	  made	   up	   of	   hundreds	   of	   different	   compounds,	   each	  with	   their	  own	   characteristics	   and	   contributions	   to	   the	   overall	   wine	   quality.	   One	   of	   the	   classes	   of	  compounds	   that	   play	   an	   active	   role	   in	  wine	   aroma,	   as	  well	   as	   perceived	  wine	   quality,	   is	  alkyl	  methoxypyrazines.	  	  
Alkyl	  methoxypyrazines	  are	  compounds	  commonly	  found	  in	  the	  vegetal	  world.	  They	  play	  an	   important	  role	   in	   the	  specific	  aromas	  of	  bell	  peppers,	  green	  peas,	  beets,	  potatoes	  and	  asparagus.	  They	  can	  also	  be	  found	  in	  fruit	  such	  as	  grapes,	  tangerines	  and	  apples.	  From	  grapes,	   methoxypyrazines	   are	   transferred	   into	   wine,	   where	   they	   contribute	   to	   various	  green,	   herbaceous	   and	   vegetal	   aroma	   notes.	   Methoxypyrazines	   are	   found	   in	   wines	   at	  extremely	   low	   concentrations	   –	   parts	   per	   trillion	   (ng/L)	   -­‐	   and	   they	   are	   extremely	   odor	  active,	  having	  human	  detection	  thresholds	  as	  low	  as	  2	  ng/L.	  While	  methoxypyrazines	  can,	  at	  very	  low	  concentrations,	  elicit	  desirable	  characteristics	  in	  some	  wines,	  such	  as	  Cabernet	  sauvignon,	   Carmenere	   or	   Sauvignon	   blanc,	   at	   higher	   concentrations	   they	   can	   become	  overpowering,	  resulting	  in	  wines	  that	  can	  be	  described	  as	  overly	  green,	  vegetal	  or	  unripe.	  While	  high	  concentrations	  of	  methoxypyrazines	  can	  be	  found	  in	  wines	  from	  grape-­‐derived	  sources	   (such	   as	   underripe	   grapes,	   for	   example)	   they	   are	   also	   associated	   with	   ladybug	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infestations	  resulting	  in	  what	  is	  commonly	  known	  as	  “ladybug	  taint”.	  Ladybugs	  (Harmonia	  
axyridis,	  also	  known	  as	  the	  Multicolored	  Asian	  Ladybeetle	  or	  MALB)	  from	  the	  Coccinellidae	  family	   were	   introduced	   in	   North	   America	   in	   1916	   as	   a	   form	   of	   biocontrol	   against	   soy	  aphids.	  They	  have	  established	  populations	  here	  (North	  America),	  and,	  in	  some	  years,	  after	  the	  soy	  beans	  have	  been	  harvested,	  they	  can	  be	  found	  aggregating	  on	  grapes	  in	  vineyards	  at	  around	  the	  time	  of	  harvest.	  If	  the	  grapes	  are	  picked	  with	  ladybugs	  hiding	  in	  the	  bunches,	  and	   then	   pressed	   without	   removing	   the	   bugs,	   the	   wine	   will	   exhibit	   unpleasant	   aroma	  attributes	  such	  as	  “bell	  pepper”,	  “cooked	  asparagus”,	  “vegetal”	  and	  also	  increased	  levels	  of	  methoxypyrazines.	  	  
As	   ladybug	   taint	   affected	  many	  wineries	   in	   Canada	   and	   abroad	   over	   the	   past	   ten	  years,	  generating	  millions	  of	  dollars	  in	  losses,	  a	  better	  understanding	  of	  methoxypyrazines,	  their	  contribution	  to	  the	  taint,	  and	  possible	  remediation	  options	  needed	  to	  be	  investigated	  further.	  This	  dissertation	  had	   several	   aims:	   the	   improvement	  or	   creation	  of	   an	  analytical	  method	  that	  would	  allow	  better	  separation	  and	  detection	  of	  methoxypyrazines	  in	  wine	  and	  that	  would	  be	  also	  suitable	  for	  the	  detection	  and	  quantitation	  of	  dimethyl	  methoxypyrazine	  in	   wine;	   the	   investigation	   of	   the	   possible	   role	   and	   contribution	   of	   other	   Coccinellidae	  species	   (specifically	   Coccinella	   septempunctata)	   in	   regards	   to	   ladybug	   taint	   in	   wine,	   an	  understanding	  of	   the	   role	   of	   dimethyl	  methoxypyrazine	   (if	   any)	   in	   ladybug	   taint	   and	   the	  possibility	  of	  using	   this	   compound	  as	   a	  diagnostic	   tool	   for	   tainted	  wines	  and	  a	   survey	  of	  wines	  from	  around	  the	  world,	  looking	  at	  methoxypyrazine	  concentrations.	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Outline	  of	  Dissertation	  This	   dissertation	   is	   organized	   in	   a	   number	   of	   chapters	   that	   have	  been	  written	   for	  publication	   in	   peer-­‐reviewed	   journals	   and	   as	   such	   some	   repetition	   will	   be	   found	   in	   the	  chapters.	  
Chapter	  2	  This	   chapter	   is	   an	   overview	   of	   the	   prevalence	   of	  methoxypyrazines	   in	  wines.	   The	  two	   sources	   of	  methoxypyrazines	   –	   grape-­‐derived	   and	   exogenous	   -­‐	   are	   presented	   along	  with	   factors	   of	   influence,	   limits	   of	   detections,	   thresholds	   and	   tolerances	   as	  well	   as	   some	  remediation	  options	  for	  ladybug	  taint.	  
There	   are	   three	  main	   aroma	   active	  methoxypyrazines	   of	   grape-­‐derived	   nature	   in	  wines:	  isobutyl	  methoxypyrazine	  (IBMP),	  secbutyl	  methoxypyrazine	  (SBMP)	  and	  isopropyl	  methoxypyrazine	   (IPMP).	   Of	   the	   three,	   IBMP	   is	   the	   one	   found	   usually	   at	   highest	  concentrations,	  and	  SBMP	  is	  the	  least	  abundant	  one.	  IBMP	  is	  considered	  to	  be	  the	  main	  MP	  responsible	   for	  some	  of	   the	  characteristic	  aroma	  of	  Sauvignon	  blanc	  wines,	  as	  well	  as	   for	  the	   subtle	   green	   aromas	   of	   Cabernet	   sauvignon,	   Merlot	   and	   Cabernet	   franc	   wines.	   At	  concentrations	   above	   optimum	   levels,	   MPs	   can	   become	   undesirable,	   generating	   overly	  green	  notes,	  often	  associated	  with	  underripness.	  
Harmonia	   axyridis	   (MALB)	   ladybugs	   (Coccinellidae)	   are	   reviewed	   as	   sources	   of	  exogenous	  MPs.	   Four	  methoxypyrazines	   have	   been	   previously	   identified	   in	   Coccinellidae	  haemolymph:	   IBMP,	   SBMP,	   IPMP	   and	   2,5	   -­‐	   dimethyl	   -­‐3-­‐methoxypyrazine	   (DMMP),	   with	  IPMP	  suggested	  as	  being	  the	  main	  contributor	  to	  ladybug	  taint.	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Part	   of	   this	   work	   has	   been	   published	   as	   a	   stand-­‐alone	   chapter	   in	   the	   “Managing	  Wine	   Quality”	   (Vol.	   2-­‐	   Oenology	   and	   wine	   quality,	   Chapter	   13,	   Pages	  418	   -­‐	   431)	   book,	  published	  by	  Woodhead	  Publishing,	  Cambridge,	  UK.	  
Chapter	  3	  In	  this	  chapter	  we	  focused	  on	  the	  creation	  of	  an	  analytical	  method	  that	  would	  allow	  us	   to	   detect	   all	   four	   MPs	   (DMMP,	   IPMP,	   SBMP	   and	   IBMP)	   in	   wines,	   at	   levels	   below	   the	  human	  detection	  threshold,	  and	  preferably	  in	  as	  short	  a	  time	  interval	  as	  possible	  and	  with	  minimum	  sample	  processing	  needs.	  
Most	   analytical	   methods	   used	   for	   MP	   quantitation	   employ	   Gas	   Chromatography	  Mass	   Spectrometry,	  with	   limits	   of	   detection	   varying	   from	   very	   low	   ng/L	   to	   levels	   above	  those	  needed	  in	  order	  to	  obtain	  meaningful	  results.	  While	  the	  methods	  that	  have	  the	  lowest	  limits	   of	   detection	   would	   seem	   to	   be	   perfectly	   appropriate,	   they	   require	   complicated	  sample	   preparation	   techniques	   that	   are	   both	   labour	   and	   time	   consuming.	   Furthermore,	  most	  of	  these	  methods	  focused	  on	  IBMP	  mainly	  with	  little	  or	  no	  attention	  given	  to	  SBMP.	  No	  analytical	  method	  so	  far	  has	  been	  developed	  for	  the	  detection	  of	  DMMP	  in	  wines.	  
The	  method	  developed	  is	  extremely	  time	  efficient,	  straightforward	  and	  has	  limits	  of	  detections	  for	  all	  four	  MPs	  at	  or	  around	  the	  desired	  levels.	  The	  method	  has	  been	  validated	  and	  applied	  to	  the	  analysis	  of	  commercial	  wines.	  	  
This	  work	  has	  been	   submitted	   for	  publication	   to	   the	   Journal	   of	   Food	  Composition	  and	  Analysis,	  and	  is	  currently	  under	  review.	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Chapter	  4	  
Harmonia	  axyridis	  has	  been	  previously	  reported	  to	  be	  the	  one	  Coccinellidae	  species	  capable	  of	  causing	  ladybug	  taint	   in	  wines.	  However,	  preliminary	  work	  from	  the	  Pickering	  lab	   suggested	   that	  Coccinella	   septempunctata	  would	   also	  be	   able	   to	   generate	  undesirable	  characteristics	  in	  wines,	  similar	  to	  those	  generated	  by	  MALB.	  In	  this	  chapter,	  the	  potential	  of	  C.	   septempuncata	   to	   increase	  MP	   levels	   in	  wines	   as	  well	   as	   to	   generate	   ladybug	   taint	  related	  aromas	  in	  wines	  was	  investigated.	  Gas	  Chromatography	  coupled	  with	  Olfactometry	  was	  employed	  for	  sensory	  analysis	  and	  the	  analytical	  method	  presented	  in	  Chapter	  3	  was	  used	   to	   determine	  MP	   levels	   in	   wines	   treated	   with	  MALB,	   C.	   septempunctata	   as	   well	   as	  control	  wines.	  DMMP	  is	  reported	  for	  the	  first	  time	  in	  wines	  as	  a	  grape-­‐derived	  MP.	  
	  This	  work	  was	  published	   in	  November	  2012	   in	   the	   Journal	  of	   the	  Science	  of	  Food	  and	  Agriculture.	  
Chapter	  5	  In	  chapter	  4	  we	  reported	  on	  the	  presence	  of	  DMMP	  in	  wines	  as	  a	  grape-­‐derived	  MP.	  No	  previous	  data	  exists	  on	  DMMP	  in	  wines,	  its	  concentration	  levels,	  sensory	  characteristics	  or	   role	   it	  may	  play	   in	   the	  wine	  aroma	  matrix.	  An	   investigation	   into	   the	  human	  detection	  threshold	  for	  DMMP	  in	  wines,	  as	  well	  as	  the	  role	  this	  compound	  may	  play	  in	  wine	  aroma	  was	   undertaken.	   The	   chapter	   is	   structured	   into	   two	   studies.	   In	   the	   first	   study,	   human	  detection	  thresholds	  for	  DMMP	  in	  wine	  were	  determined	  for	  21	  individuals	  using	  the	  ASTM	  E679	   ascending	   forced	   choice	   method	   of	   limits.	   In	   the	   second	   study,	   a	   panel	   of	   eight	  assessors	   performed	   descriptive	   sensory	   analysis	   on	   three	   red	  wines	   containing	   various	  concentrations	   of	   added	   DMMP	   (0	   ng/L,	   50	   ng/L	   and	   120	   ng/L).	   This	   work	   has	   been	  published	  in	  November	  2012	  in	  the	  Journal	  of	  Food	  Science.	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Chapter	  6	  Most	   studies	   looking	   at	  MP	   concentrations	   in	  wines	  have	   focused	   firstly	   on	   IBMP,	  some	   on	   IPMP,	   very	   few	  on	   SBMP	   and	  none	   on	  DMMP.	  Of	   these	   studies,	  most	   examined	  Cabernet	  sauvignon,	  Merlot	  and	  Sauvignon	  blanc	  wines.	  A	  gap	  of	  knowledge	  in	  regards	  to	  MP	  concentrations	  in	  other	  varietals	  needed	  to	  be	  covered,	  as	  well	  as	  some	  focus	  on	  SBMP	  and	   DMMP	   achieved.	   Thus,	   a	   survey	   of	   187	   wines,	   including	   seven	   varietals	   (Riesling,	  Chardonnay,	  Sauvignon	  blanc,	  Merlot,	  Cabernet	  sauvignon,	  Cabernet	  franc	  and	  Pinot	  noir)	  from	  11	  countries	  and	  5	  continents	  was	  completed	  and	  MP	  concentrations	  were	  recorded	  and	   analyzed.	   All	   four	   MPs	   previously	   described	   (DMMP,	   IPMP,	   SBMP	   and	   IBMP)	   were	  investigated.	   Possible	   associations	   between	  MP	   levels	   and	   country	   of	   origin,	   vintage	   and	  varietal	  were	  scrutinized.	  	  
A	   new	   measure	   of	   general	   MP	   impact	   on	   wine	   aroma	   ‘	  total	   impact	   factor	  ‘	   is	  proposed	  as	  a	  good	  indicator	  of	  wine	  ‘greenness’.	  The	  total	  impact	  factor	  is	  a	  unique	  value	  for	  each	  wine,	  calculated	  as	  the	  sum	  of	   the	  Odor	  Activity	  Values	  (OAV)	  of	  each	   individual	  MP.	  
A	   subset	   of	   Canadian	   wines	   was	   analyzed	   for	   the	   first	   time	   for	   all	   four	  methoxypyrazines	   and	   for	   possible	   variations	   and	   interactions	   of	   MP	   concentrations	   in	  relationship	  to	  varietal	  and	  vintage.	  	  
Chapter	  7	  This	  chapter	  provides	  an	  overall	  discussion	  and	  conclusion	  of	   the	  dissertation	  and	  present	  future	  research	  ideas	  and	  directions.	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CHAPTER	  2	  -­‐	  ALKYL	  -­‐	  METHOXYPYRAZINES	  	  AND	  LADYBUG	  TAINT	  
IN	  WINE.	  
Andreea	  Botezatu	  and	  Gary	  J	  Pickering	  
The	  candidate	  is	  the	  primary	  author	  and	  contributor	  to	  this	  chapter.	  
Part	  of	   this	  work	  has	  been	  published	  as	  a	  book	  chapter	   in	  Managing	  Wine	  Quality,	  Volume	   2-­‐	   Oenology	   and	   Wine	   Quality	   (Chapter	   13,	   Pages	   418	   -­‐	   431),	   published	   by	  Woodhead	  Publishing,	  Cambridge,	  UK.	  	  
Alkyl	  methoxypyrazines	  in	  grapes	  and	  wines	  
Alkyl-­‐methoxypyrazines	   (MPs)	   are	   compounds	   with	   high	   aroma-­‐activity	   found	   in	  several	   species	   of	   vegetables,	   nuts	   (bell	   pepper,	   beets,	   asparagus,	   peanuts)	   (Boubee	   and	  others,	  2000;	  Buchbauer	  and	  others,	  2000;	  Sala	  and	  others,	  2002),	   fruits	   (Schieberle	  and	  others,	   2003)	   and	   spices	   (black	  and	  white	  pepper)	   (Jagella	   and	  Grosch,	  1999).	  MPs	  have	  	  also	  been	  detected	  in	  several	  grape	  and	  wine	  varietals.	   In	  wines,	  MPs	  can	  have	  a	  positive	  impact	   on	   the	   aroma	   profile	   of	   certain	   varietals	   (Sauvignon	   blanc,	   Cabernet	   sauvignon)	  (Allen	   and	   Lacey,	   1998)	   but	   they	   can	   also	   have	   a	   detrimental	   effect	   at	   higher	  concentrations,	   leading	   to	   unpleasant	   and	   undesirable	   characters	   such	   as	   “green”	   and	  “unripe”	  (Allen	  and	  others,	  1991).	  The	  concentration	  of	  MPs	  in	  grapes	  and	  wines	  has	  been	  shown	   to	   be	   dependent	   on	   and	   affected	   by	   a	   variety	   of	   viticultural,	   climatological	   and	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enological	   factors,	   such	   as	   leaf	   removal	   (Allen,	   1993),	   sunlight	   exposure	   (Allen,	   1993),	  grape	  ripening	  (Lacey	  and	  others,	  1991;	  Allen	  and	  others,	  1995;	  Boubee	  and	  others,	  2000),	  climate	  (Lacey	  and	  others,	  1991;	  Noble	  and	  others,	  1995;	  Allen	  and	  others,	  1995),	  pressing	  technique	   (Hashizume	   and	   Umeda,	   1996;	   Hashizume	   and	   Samuta,	   1997),	   maceration	  duration	  (Kotseridis	  and	  others,	  1999)	  or	  yeast	  strain	  used	  (Pickering	  and	  others,	  2008).	  In	  the	  case	  of	  packaged	  wines,	  the	  type	  of	  cork	  used	  and	  the	  packaging	  type	  can	  also	  influence	  MP	  concentration	  (Blake	  and	  others,	  2009).	  
Until	   recently,	   there	   were	   only	   reports	   of	   IBMP,	   IPMP	   and	   SBMP	   as	   important	  aroma-­‐active	  grape-­‐derived	  MPs	   in	  grapes	  and	  wines	  and	  the	  role	  of	  DMMP	  in	  wines	  has	  not	  been	  previously	  investigated.	  
	  Human	  detection	  thresholds	  for	  alkyl-­‐methoxypyrazines	  are	  very	  low:	  0.3	  –	  2	  ng/L	  for	  IPMP	  in	  wine	  (Pickering	  and	  others,	  2007),	  16	  ng/L	  for	  IBMP	  in	  wine	  (Sala	  and	  others,	  2004),	   and	   1-­‐2	   ng/L	   for	   SBMP	   in	   water	   (Sala	   and	   others,	   2004).	   The	   concentrations	   of	  mainly	   IBMP	   and	   sometimes	   SBMP	   and	   IPMP	   in	   various	   Vitis	   vinifera	   cultivars	   such	   as	  Cabernet	  sauvignon,	  Sauvignon	  blanc	  and	  Merlot	  has	  been	  extensively	  documented	  (Allen	  and	   others,	   1988;	   Arnold	   and	   Bledsoe,	   1990;	   Lacey	   and	   others,	   1991;	  Noble	   and	   others,	  1995;	   Allen	   and	   others,	   1995;	   Kotseridis	   and	   others,	   1998;	   Boubee	   and	   others,	   2000;	  Alberts	  and	  others,	  2009).	  However,	  MP	  concentration	  in	  other	  important	  cultivars	  such	  as	  Chardonnay,	  Riesling	  or	  Pinot	  noir	  is	  under-­‐documented.	  
Increased	  concentrations	  of	  MPs	  have	  also	  been	  associated	  to	  ‘ladybug	  taint’,	  a	  wine	  fault	   caused	  by	   the	   inadvertent	   incorporation	  of	  Coccinellidae	  beetles	   in	   the	  winemaking	  process	  (Pickering	  and	  others,	  2005;	  Koegel	  and	  others,	  2012).	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Ladybug	  taint	  in	  wines	  
The	  Multicolored	  Asian	  Ladybeetle	  (MALB)	  Harmonia	  axyridis	  (Pallas)	  (Coleoptera:	  Coccinelidae)	  was	  first	  introduced	  in	  North	  America	  in	  1916	  from	  Asia	  (Japan	  and	  Korea),	  and	  on	  multiple	  occasions	  since,	  as	  a	  form	  of	  biocontrol	  against	  aphids	  and	  some	  small	  soft-­‐bodied	  pests	  (Gordon,	  1985;	  Koch	  and	  others,	  2004).	  While	  it	  has	  proven	  very	  efficient	  in	  this	   respect,	   it	   has	   also	   extended	   its	   range	   into	   non-­‐target	   regions	   and	   crops,	   including	  grape	   vineyards.	   In	   the	   vineyard,	   MALB	   adults	   aggregate	   on	   grape	   clusters	   during	   the	  harvest	   period,	   subsequently	   being	   transported	  with	   the	   grapes	   into	   the	  winery	   (Galvan	  and	  others,	  2006).	  If	  present	  during	  crushing	  or	  subsequent	  winemaking	  operations,	  they	  can	   produce	   off-­‐aromas	   and	   flavours	   in	  wine	   known	   as	   “ladybug	   taint”	   (LBT)	   (Pickering	  and	  others,	  2004;	  Pickering	  and	  others,	  2007;	  Pickering	  and	  others,	  2008b).	  
While	   there	   is	   anecdotal	   evidence	   that	  MALB	   have	   been	   adversely	   affecting	  wine	  quality	  since	  last	  century,	  the	  first	  widely	  reported	  link	  was	  noted	  in	  2001	  in	  some	  North	  American	   wine	   regions,	   where	   winemakers	   reported	   an	   unpleasant	   aroma	   and	   taste	   in	  wines	  from	  that	  vintage	  described	  as	  ‘burnt	  peanut	  butter’	  and	  reminiscent	  of	  crushed	  lady	  beetles	  (Pickering	  and	  others,	  2004).	  These	  reports	  coincided	  with	  the	  observation	  of	  large	  numbers	   of	   MALB	   in	   vineyards	   at	   the	   time	   of	   harvest	   (Pickering	   and	   others,	   2004)	  (Fig.	  2.1).	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Figure	  2-­‐	  1 Multicoloured Asian ladybeetles, showing a variety of colour morphs and attraction to grape and vines. The 
black markings on the yellow pronotum – often M shaped – (centre photo) are a characteristic of the species (photographs 
courtesy of Kevin Ker and Ryan Brewster).	  
These	   observations	   in	   2001	   marked	   the	   beginning	   of	   a	   concerted	   effort	   by	  winegrowers	   and	   the	   research	   community	   to	   investigate	   the	   association	   between	  MALB	  and	  wine	  quality,	   and	  develop	   interventions	   to	  mitigate	  deleterious	  effects.	  These	  efforts	  have	  gained	  momentum	  in	  recent	  years,	  with	  the	  increasing	  awareness	  of	  LBT	  amongst	  the	  wine	   community	   and	   consumers,	   and	   the	  widening	   distribution	   of	  MALB	   in	  winemaking	  regions	  of	  the	  world.	  
Quality	  implications	  
Ladybug	   taint	   affects	   both	   the	   aroma	   and	   flavour	   profile	   of	   wine.	   This	   was	   first	  described	  by	  Pickering	  and	  others	  (2004),	  where	  MALB	  were	  added	  to	  white	  and	  red	  grape	  must,	   and	   the	   subsequent	  wines	   evaluated	   using	   descriptive	   analysis.	  White	  wines	  were	  characterized	   by	   higher	   intensities	   of	   peanut,	   bell	   pepper	   and	   asparagus	   aromas	   and	  flavours,	   while	   red	   wines	   were	   rated	   higher	   for	   peanut,	   asparagus/bell	   pepper,	   and	  earthy/herbaceous	  aromas	  and	  flavours.	  Sweet,	  acid	  and	  bitter	  tastes	  were	  affected	  in	  red	  wines,	  and	  lower	  intensities	  of	  fruit	  and	  floral	  descriptors	  were	  seen	  in	  both	  white	  and	  red	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wines.	  These	  effects	  are	  more	  pronounced	  at	  higher	  levels	  of	  MALB	  addition	  (Pickering	  and	  others,	  2004)	  (Fig.	  2.2).	  
Similar	   sensory	  profiles	  have	   since	  been	   reported	  by	  Pickering	   and	  others,	   (2005,	  2007)	  as	  well	  as	  Ross	  and	  Weller	  (2007).	  Interestingly,	  these	  taint	  characteristics	  appear	  to	  be	   relatively	   stable	   over	   time,	   with	   Pickering	   and	   others	   (2005)	   finding	   similar	   sensory	  profiles	  in	  tainted	  wines	  produced	  with	  MALB,	  at	  bottling	  and	  after	  10	  months	  aging.	  Dead	  MALB	  may	  also	  have	  the	  capacity	  to	  taint	  wine.	  Pickering	  and	  others	  (2008b)	  added	  MALB	  to	  red	  must	  at	  various	  stages	  post-­‐mortem	  to	  simulate	  incorporation	  of	  dead	  beetles	  with	  grapes	  during	  vintage	  operations;	  a	  phenomenon	  reported	  by	  growers	  after	   insecticide	  is	  applied	   to	   MALB-­‐infested	   vineyards.	   Taint	   characteristics	   were	   more	   pronounced	   when	  live	  beetles	  were	  added,	  however	  dead	  beetles	  were	  still	  able	  to	  elicit	  some	  negative	  impact	  on	  wine	  quality	  at	  1-­‐day	  post-­‐mortem,	  but	  not	  at	  3	  days	  post-­‐mortem	  and	  beyond.	  	  
Basic	   physical	   and	   chemical	   measures	   of	   wine	   quality,	   including	   colour,	   pH,	  titratable	  acidity,	  ethanol,	   residual	  sugar	  and	  volatile	  acidity	  are	  not	  significantly	  affected	  by	  the	  presence	  of	  MALB	  during	  wine	  production.	  (Pickering	  and	  others,	  2008a)	  	  
Ladybug	  taint	  is	  capable	  of	  profoundly	  affecting	  wine	  quality	  by	  directly	  influencing	  ortho-­‐nasal	  aroma,	  retro-­‐nasal	  aroma	  and	  taste	  modalities,	  as	  well	  as	  masking	  varietal	  and	  other	  desirable	  sensory	  attributes	  of	  white	  and	  red	  wine.	  Elucidation	  of	  the	  compound(s)	  responsible	   for	   LBT	   may	   assist	   with	   targeting	   interventions	   aimed	   at	   remediating	   the	  problem.	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  (b)	  
Figure	  2-­‐	  2	  Sensory intensity scores for white (a) and red (b) wines aroma (lowercase) and flavour (uppercase) attributes 
for three levels of addition of Harmonia axyridis beetles (MALB) to juice. Values are the mean ratings of six judges and 
triplicate assessments. *, ** and *** indicate significant differences at 0.05, 0.01 and 0.001 respectively (adapted from 
































































Coccinellidae	  can	  emit	  a	  potent	  cocktail	  of	  odour-­‐active	  compounds	  that	  may	  serve	  various	   behavioural	   functions,	   including	   defense,	   aggregation	   and	   mate-­‐attraction.	   	   Of	  these	  compounds,	  alkyl-­‐methoxypyrazines	  (MPs)	  have	  come	  under	  the	  closest	  scrutiny	  for	  their	  purported	  role	   in	  LBT.	  Multidimensional	  gas	  chromatography	  –	  olfactometry	  -­‐	  mass	  spectrometry	  (GCO-­‐MS)	  has	  been	  used	  to	  determine	  the	  characteristic	  odorants	  emitted	  by	  MALB,	   and	   showed	   that	   2-­‐isopropyl-­‐3-­‐methoxypyrazine	   (IPMP)	   was	   the	   most	   abundant	  and	  potent	  of	  the	  alkyl-­‐methoxypyrazines	  (MPs)	  released	  (Cai	  and	  others,	  2007).	  Sensory	  analysis	  correlated	  IPMP	  with	  aromas	  such	  as	  ‘peanuts’,	   ‘potatoes’,	   ‘peas’	  and	  ‘earthy’	  (Cai	  and	  others,	  2007).	  Three	  other	  pyrazines	  were	  also	  identified	  (isobutyl	  methoxypyrazine	  –	  IBMP,	  secbutyl	  methoxypyrazine	  –	  SBMP	  and	  dimethyl	  methoxypyrazine	  -­‐	  DMMP)	  (Figure	  2.3	   a,b,c	   and	   d)	   	   and	   their	   aromas	  were	   defined,	   respectively,	   as	   ‘peanut,	   potato,	   earthy,	  spicy’,	   ‘nutty,	  potato,	  peanut’,	   and	   ‘mouldy,	  earthy’	   (Cai	  and	  others,	  2007),	   characteristics	  that	   are	   consistent	  with	   descriptors	   used	   for	   LBT-­‐affected	  wines	   ((Pickering	   and	   others,	  	  2004;	   Pickering	   and	   others,	   2005;	   Pickering	   and	   others,	   2007;	   Ross	   and	  Weller,	   2007).	  Cudjoe	   and	   others	   (2005)	   also	   identified	   IPMP,	   IBMP	   and	   SBMP	   in	   the	   headspace	   above	  MALB,	  with	  IPMP	  the	  most	  prevalent.	  
25	  
       a b 
c d 
Figure	  2-­‐	  3	  Chemical structures of IBMP, SBMP, IPMP and DMMP: (a) 3-isobutyl 2 methoxypyrazine or IBMP; (b) 3-
secbutyl 2-methoxypyrazine or SBMP; (c) 3-isopropyl 2-methoxypyrazine or IPMP; (d) 2,5 dimethyl -3 – 
methoxypyrazine or DMMP 
The	   first	   direct	   evidence	   that	   MPs	   were	   responsible	   for	   LBT	   in	   wine	   came	   from	  Pickering	  and	  others	  (2005),	  where	  IPMP	  concentrations	  increased	  in	  white	  and	  red	  wines	  fermented	  with	  MALB.	   	  The	  control	  wines	   (no	  added	  beetles)	   contained	  approximately	  8	  ng/L	   IPMP,	   and	   increased	   to	   38	   ng/L	   (white)	   and	   30	   ng/L	   (red)	   when	   wines	   were	  fermented	   with	   10	   beetles/L	   juice,	   concentrations	   well	   above	   the	   sensory	   threshold	   in	  wine	   (Pickering	  and	  others,	  2005).	   Later	   studies	  have	  also	   shown	   IPMP	  concentration	   in	  wine	   to	   increase	   in	   the	   presence	   of	   MALB	   (Pickering	   and	   others,	   2008a,	   Pickering	   and	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others,	   2008b).	   Additionally,	   the	   intensity	   of	   the	   earthy/herbaceous	   dimensions	   of	   LBT	  trongly	  correlate	  with	  IPMP	  concentration	  in	  red	  wine	  (Pickering	  and	  others,	  2005),	  Figure	  2.4.	  
Figure	  2-­‐	  4	  Intensity of earthy/herbaceous aroma and isopropyl-methoxypyrazine concentration in 12 experimental red 
wines (adapted from Pickering, 2005)
	  Finally,	  red	  wine	  spiked	  with	  15	  ng/L	  IPMP	  displays	  a	  very	  similar	  sensory	  profile	  to	  wine	  produced	  with	  the	  addition	  of	  MALB	  to	  juice	  (Pickering	  and	  others,	  2006).	  
One	  study	  failed	  to	  find	  an	  association	  between	  IPMP	  and	  MALB	  in	  wine.	  Galvan	  and	  others	   (2008)	   analyzed	  wines	  produced	   from	  Frontenac	  grapes	   that	  had	  been	  artificially	  infested	  with	  MALB	  at	  levels	  of	  one,	  three	  and	  eight	  live	  beetles/kg	  grapes	  and	  from	  Leon	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Millot	   grapes	   harvested	   from	   vineyards	   with	   two	   different	   degrees	   of	   ‘natural’	   MALB	  infestation	   (20%	   and	   50%	   of	   the	   clusters	   infested	   with	   one	   or	   more	  Harmonia	   axyridis	  adults).	  	  
No	  differences	   in	  concentration	  of	   IPMP	  were	   found	  between	  wines	  with	  different	  infestation	   levels.	   The	   authors	   noted	   that	   sensory	   analysis	   of	   the	  wines	   showed	   that	   the	  addition	   of	  MALB	   affected	   the	   sensory	  profiles.	   The	  discrepancy	  between	   the	   findings	   of	  this	   and	   previous	   studies	   in	   relation	   to	   IPMP	  may	   be	   related	   to	   the	   different	   analytical	  techniques	  employed.	  	  
Threshold	  and	  tolerances	  
An	  important	  question	  for	  both	  grape-­‐growers	  and	  winemakers	  is	  ‘how	  much	  is	  too	  much?’.	   That	   is,	   what	   densities	   of	   MALB	   in	   the	   vineyard	   should	   trigger	   concern	   and	  intervention,	   and	   what	   concentrations	   of	   IPMP	   are	   necessary	   before	   LBT	   becomes	  noticeable	  in	  wine?	  
MPs	   in	   wine	   are	   very	   odour-­‐active.	   While	   most	   of	   wines’	   aromatic	   and	   volatile	  components	  are	  encountered	  in	  the	  µg/L	  to	  mg/L	  range	  (Ferreira	  and	  others,	  2000;	  Ortega	  and	  others,	  2001),	  MP	  concentrations	  are	  measured	   in	   ‘parts	  per	   trillion’	   or	  ng/L	   (Lacey	  and	   others,	   1991),	   and	   contribute	   to	   aroma	   at	   these	   trace	   concentrations	   (Maga,	   1989;	  Kotseridis	   and	  others,	  1998;	  Romero	  and	  others,	  2006;	  Pickering	  and	  others,	  2007).	  The	  detection	  threshold	  for	  IPMP	  in	  red	  wine	  is	  1	  to	  2	  ng/L	  (Maga,	  1989;	  	  
Pickering	  and	  others,	  2007)	  and	  0.3	  to	  1.6	  ng/L	  in	  white	  wine	  (Pickering	  and	  others,	  2007).	  Similar	  thresholds	  have	  been	  reported	  in	  grape	  juices	  (Pickering	  and	  others,	  2008).	  Factors	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mediating	   IPMP	   threshold	   in	   wine	   include	   mode	   of	   evaluation	   (ortho-­‐	   vs.	   retro-­‐nasal	  assessment),	   wine	   style,	   and	   familiarity	   with	   the	   odorant	   (Pickering	   and	   others,	   2007).	  Cudjoe	   and	   others	   (2005)	   calculated	   the	   concentrations	   of	   MPs	   in	   individual	   MALB	   as	  approximately	  27.5	  µg/bug	  for	  IPMP,	  3.2	  µg/bug	  for	  IBMP	  and	  2.6	  µg/bug	  for	  SBMP.	  How	  do	  these	  values	  translate	  into	  tolerance	  limits	  in	  the	  vineyard?	  	  
Pickering	  and	  others	  (2007)	  calculated	  that	  1530	  beetles	  /	  tonne	  of	  white	  grapes	  or	  1260	  beetles	  per	  tonne	  of	  red	  grapes	  were	  necessary	  before	  LBT	  would	  be	  detected	  in	  the	  subsequent	  wines.	  While	   these	  values	  may	  appear	  high,	  much	  greater	  densities	  of	  MALB	  have	  been	  observed	  in	  vineyards	  at	  harvest	  in	  some	  years.	  	  The	  authors	  caution	  that	  these	  limits	  may	   vary	   depending	   on	   grape	   variety	   and	   the	   processing	  methods	   used,	   and	   thus	  they	   recommend	   a	  more	   conservative	   limit	   of	   200	   to	   400	  beetles/	   tonne	   of	   grapes.	   This	  latter	   range	   is	   consistent	   with	   the	   limits	   on	   MALB	   placed	   by	   some	   wineries	   on	   their	  growers	   in	   North	   America.	   Using	   different	  methodology,	   Galvan	   and	   others	   (2007)	   have	  derived	  similar	  values,	  estimating	  that	  the	  threshold	  at	  which	  10%	  of	  the	  population	  would	  be	   able	   to	   detect	   LBT	   as	   1.9	   beetle/kg	   grapes	   (equivalent	   to	   1900	   beetles/t)	   or	   0.27	  beetle/grape	  cluster	  for	  Frontenac	  grapes.	  In	  agreement,	  Ross	  and	  others	  (2007)	  estimated	  the	  threshold	  to	  be	  1.8	  MALB/	  kg	  (1800	  beetles/t)	  in	  Concord	  grapes.	  	  
There	   is	   no	   scientific	   evidence	   to	   support	   the	   position	   of	   ‘zero	   tolerance	   for	  ladybugs’	   advocated	   by	   some	  wineries	   and	   wine	   agencies.	   Coccinellidae	   have	   long	   been	  part	  of	  the	  fauna	  found	  in,	  or	  in	  close	  proximity	  to,	  grape	  vineyards;	  they	  only	  pose	  a	  threat	  to	  wine	  and	  juice	  quality	  in	  years	  when	  densities	  become	  excessive.	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Other	  Coccinellidae	  species	  
Cudjoe	  and	  others	  (2005)	  sought	  to	  determine	  the	  relative	  MP	  composition	  of	  three	  Coccinellidae	   species	   common	   to	   North	   America:	   Coccinella	   septempunctata	   (7	   spot),	  
Harmonia	   axyridis	   (MALB)	   and	  Hippodemia	   convergens.	   	   They	   detected	   IPMP	   in	   all	   three	  species,	   with	   the	   highest	   concentration	   (0.81	   µg/mg)	   in	  Hippodemia	   convergens	   and	   the	  lowest	  in	  Coccinella	  septempunctata	  (0.008	  µg/mg).	  SBMP	  and	  IBMP	  were	  above	  the	  limits	  of	  detection	  only	  in	  MALB	  and	  Hippodemia	  convergens	  (Cudjoe	  and	  others,	  2005).	  
The	  previous	  finding	  suggested	  that	  MP	  concentrations	  were	  not	  sufficiently	  high	  in	  non-­‐MALB	  species	   to	  concern	  winegrowers.	  However,	  Pickering	  and	  others	  (unpublished	  data)	  investigated	  the	  possible	  effects	  of	  7	  spot	  on	  wine	  quality	  under	  industrial	  conditions,	  by	   adding	   0,	   1	   or	   10	   beetles/kg	   of	   Vidal	   and	   Cabernet	   Sauvignon	   grapes	   at	   crush	   and	  comparing	   MP	   concentrations	   and	   sensory	   profiles	   in	   the	   finished	   wines.	   As	   another	  control,	  MALB	  were	  added	  to	  separate	  batches	  of	  fruit	  at	  the	  same	  densities	  and	  processed	  in	  an	  identical	  manner.	  Regardless	  of	  species,	  the	  addition	  of	  beetles	  at	  the	  higher	  density	  resulted	   in	   similar	   changes	   to	   the	   sensory	   profiles	   of	   the	  wines,	   consistent	  with	   ladybug	  taint.	  The	  sensory	  results	  are	  supported	  by	  the	  IPMP	  concentrations,	  which	  were	  similar	  in	  both	  MALB	  and	  7	  spot	  –	  spiked	  wines	  (Fig.	  2.5).	  The	  inconsistency	  between	  this	  result	  and	  that	  of	  Cudjoe	  and	  others	  (2005)	  may	  be	  due	  to	  procedural	  differences	  (live	  beetles	  in	  the	  Pickering	   study	   versus	   frozen	   and	   thawed	   beetles	   in	   the	   Cudjoe	   study)	   as	   well	   as	   the	  different	  analytical	  techniques	  employed.	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Figure	  2-­‐	  5	  3-Isopropyl-2-methoxypyrazine (IPMP) concentration in Cabernet sauvignon wine produced with the addition 
of Harmonia axyridis (MALB) or Coccinella septempunctata (7 spot) added at grape crush. (adapted from Pickering and 
others, 2006) 
Given	  that	  MALB	  or	  7	  spot	  may	  be	  the	  most	  prevalent	  Coccinellidae	  species	   in	   the	  majority	   of	   the	   world’s	   wine	   regions,	   these	   results	   should	   widen	   the	   concern	   over	   the	  presence	  of	  ladybeetles	  in	  vineyards	  at	  harvest.	  However,	  it	  is	  unclear	  whether	  7	  spot	  reach	  the	  vineyard	  densities	  required	  to	  affect	  wine	  quality	  as	  often	  or	  as	  rapidly	  as	  MALB.	  
Post-­‐harvest	  prevention	  and	  remediation	  
Given	   the	   significant	   impact	   LBT	   can	   have	   on	   the	   quality	   of	  wine,	   there	   has	   been	  considerable	  interest	  in	  finding	  preventive	  and	  remedial	  options	  for	  the	  taint	  that	  will	  leave	  the	   desirable	   components	   of	   wine	   unaffected.	   Both	   conventional	   and	   unconventional	  approaches	  have	  been	  investigated.	  
After	  harvest,	  MALB	  can	  be	  partially	  removed	   from	  the	  grape	  clusters	  prior	   to	  de-­‐stemming	  and	  crushing	  by	  using	  shaker	   tables	  or	  by	  soaking	   the	  grapes	   in	  water	   (where	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beetles	   float	   to	   the	   surface	   and	   can	   be	   removed).	   Both	   approaches	   are	   limited	   to	   hand	  harvested	   fruit,	   and	   water	   treatment	   has	   the	   further	   disadvantage	   of	   diluting	   sugar	  concentration	  and	  potentially	  reducing	  quality.	  Shaker	  tables,	  however,	  have	  proven	  very	  effective,	  although	  throughput	  is	  limited	  (Fig.	  2.6).	  
Figure	  2-­‐	  6	  Custom designed shaker tables are effective at removing MALB from hand-harvested grapes.	  
Clarification	  of	  white	  wine	  juice	  has	  proven	  beneficial.	  Kotseridis	  and	  others	  (2008)	  have	   shown	   that	   juice	   clarification	   before	   fermentation	   can	   lead	   to	   a	   reduction	   in	   IPMP	  concentration	   of	   up	   to	   50%	   in	   the	   subsequent	  wines	   compared	   to	  wines	   produced	   from	  unclarified	   juice.	   They	   also	   showed	   that	   the	   longer	   the	   settling	   period,	   the	   greater	   the	  decrease	  in	  IPMP	  for	  both	  naturally	  and	  bentonite	  clarified	  juices.	  	  
The	   possible	   effect	   of	   yeast	   strain	   in	   mediating	   IPMP	   concentrations	   and	   LBT	   in	  wine	   was	   investigated	   with	   Cabernet	   Sauvignon,	   where	   juice	   was	   spiked	   with	   30	   ng/L	  IPMP	   and	   fermented	   with	   commercially	   available	   yeast	   strains	   (Lalvin	   BM45,	   Lalvin	  EC1118,	  Lalvin	  ICV-­‐D21	  and	  Lalvin	  ICV-­‐D80)	  (Pickering	  and	  others,	  2008).	  	  Unexpectedly,	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IPMP	  concentration	  in	  wine	  fermented	  with	  BM45	  increased	  by	  approximately	  29%	  after	  fermentation,	  while	  remaining	  unaffected	  in	  wine	  made	  from	  the	  other	  strains.	  The	  highest	  intensity	   scores	   for	   taint	   related	   attributes	   were	   in	   the	   D80	   fermented	  wines	   (Fig.	   2.7),	  while	   the	   lowest	  were	   in	   the	  D21	  wines.	  These	  differences	  are	   likely	  due	   to	   the	  masking	  effects	  of	  other	  aroma	  and	  flavour	  attributes.	  	  The	  study	  recommends	  D21	  as	  a	  good	  option	  for	   juice	   obtained	   from	   under	   ripe	   fruit	   and	   fermentation	   of	   juice	   affected	   by	   LBT	  (Pickering	  and	  others,	  2008).	  
Figure	  2-­‐	  7	  Sensory attribute intensity scores for Cabernet sauvignon wine made from juice spiked with 30 ng/L 3-
isopropyl-2-methoxypyrazine and fermented by four different yeast strains (adapted from Pickering and others, 2008d).	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Pickering	  and	  others	  (2006)	  have	  examined	  the	  effect	  of	  various	  commercial	  fining	  agents	  on	  reducing	  both	  the	  concentration	  of	  IPMP	  in	  LBT-­‐affected	  wines	  and	  the	  sensory	  characteristics	   associated	  with	   LBT.	   Bentonite,	   activated	   charcoal,	   oak	   chips,	   deodorized	  oak	   chips	   and	   ultraviolet	   and	   white	   light	   were	   investigated.	   For	   white	   wine,	   activated	  charcoal	   reduced	   IPMP	   concentration	   by	   34%,	   but	   did	   not	   decrease	   LBT	   intensity,	  highlighting	  the	  lack	  of	  selectivity	  on	  wine	  odorants	  of	  charcoal.	  Treatment	  with	  oak	  chips	  significantly	   reduced	   the	   asparagus	   flavour	   intensity	   and	   produced	   a	   trend	   of	   lower	  intensities	  for	  all	  LBT	  attributes.	  A	  trend	  for	  red	  wines	  to	  be	  more	  responsive	  to	  treatments	  than	   white	   wines	   was	   evident,	   particularly	   for	   flavour.	   As	   with	   white	   wine,	   reduced	  intensity	  for	  all	  LBT	  related	  attributes	  was	  observed	  with	  the	  oak	  chip	  addition	  (Pickering	  and	   others,	   2006).	   As	   LBT	   intensity	   was	   not	   affected	   by	   deodorized	   oak	   chips,	   the	  researchers	   ascribed	   the	   efficacy	   of	   oak	   chips	   to	   perceptual	  masking.	   Since	   not	   all	   wine	  styles	   lend	   themselves	   to	   fermentation	   and/or	  maturation	  with	   oak,	   other	   processing	   or	  remedial	  options	  were	  advocated.	  
Blake	  and	  others	   (2009)	   investigated	   the	  effect	  of	   closure	  and	  packaging	  on	   IPMP	  and	  other	  odorants	   in	  Riesling	  and	  Cabernet	  Franc	  wines.	  All	   three	  MPs	  were	  affected	  by	  the	   closure	  or	  packaging	   type	   to	   some	  extent.	   Storage	   in	  Tetrapak	   cartons	  was	   the	  most	  effective	  packaging	   for	   lowering	   IPMP	  concentrations,	  with	  a	  23%	  and	  41%	  reduction	   in	  Riesling	  and	  Cabernet	  Franc,	  respectively.	  The	  authors	  speculate	  that	   this	  may	  have	  been	  due	   to	  migration	   of	   IPMP	   to	   the	   aluminium	   surface	   layer	   of	   the	   carton,	  with	   subsequent	  adsorption	   on	   the	   oxide	   layer.	   The	   study	   also	   reported	   a	   10	   -­‐	   21%	   decrease	   in	   IPMP	  concentration	   after	   18	   months	   bottle	   aging	   in	   wines	   closed	   with	   synthetic	   moulded	  closures	  (Blake	  and	  others,	  2009).	  The	  adsorptive	  capacity	  of	  synthetic	  corks	  for	  MPs	  has	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also	  been	  demonstrated	  by	  Pickering	  and	  others,	  (2009).	  Soaking	  wine	  for	  140	  hours	  with	  synthetic	  closures	  resulted	  in	  decreases	  of	  70%,	  77%	  and	  89%	  for	  IPMP,	  IBMP	  and	  SBMP,	  respectively.	   Sensory	   analysis	   of	   the	   treated	   wine	   was	   not	   performed	   due	   to	   volume	  restrictions,	  however,	  given	   the	   limited	  number	  of	  additives	  and	   treatments	  permitted	   in	  the	   winemaking	   process,	   this	   novel	   application	   of	   synthetic	   closures	   or	   related	  polyethylene	  material	  warrant	  further	  investigation.	  
A	  more	   unorthodox	   approach	   to	   remediating	   LBT	   has	   been	   tested	   by	  Wilson	   and	  others,	   (2003)	  with	   the	   application	  of	   irradiation	   to	   tainted	  wine.	   	   In	   their	   pilot	   study,	   a	  dose	   of	   100	   Gy	   was	   reported	   to	   decrease	   the	   perceived	   intensity	   of	   LBT,	   however	   the	  authors	  do	  not	  elaborate	  on	  how	  other	  sensory	  attributes	  of	  the	  wines	  were	  affected	  by	  the	  irradiation	   treatment,	   particularly	  with	   respect	   to	   the	   likely	   oxidative	   damage	   to	   flavour	  from	  such	  a	  treatment.	  	  
Conclusions	  and	  further	  research	  
Ladybug	   taint	   can	   appear	   in	   wine	   when	   Harmonia	   axyridis	   (MALB)	   and	   other	  Coccinellidae	  species	  are	   incorporated	   into	  grape	   juice	  prior	   to	   fermentation.	  The	  taint	   is	  caused	  by	  IPMP,	  originating	  in	  the	  haemolymph	  of	  the	  lady	  beetles.	  The	  sensory	  profile	  of	  a	  wine	  affected	  by	  LBT	  is	  characterized	  by	  ‘asparagus’,	  ‘bell	  pepper’,	  ‘green	  beans’,	  ‘potatoes’,	  ‘herbaceous’,	   ‘musty’	   and	   ‘earthy’	   descriptors,	   and	   varietal	   attributes	   are	   diminished.	  Several	   methods	   for	   taint	   remediation,	   including	   traditional	   fining	   agents,	   have	   been	  investigated,	   with	  mixed	   results.	   Juice	   clarification	   prior	   to	   fermentation	   and	   use	   of	   oak	  chips	   are	   helpful,	  while	   some	   packaging/closure	  materials,	   including	   polyethylene,	   show	  promise	   for	   reducing	   IPMP	   concentrations	   in	   affected	   wines.	   	   Development	   of	   remedial	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agents	   with	   high	   specificity	   to	   IPMP	   is	   needed;	   until	   such	   time,	   prevention	   of	   LBT	   by	  excluding	  Coccinellidae	  from	  wine	  processing	  is	  critical.	   	  As	  the	  same	  class	  of	  compounds	  responsible	   for	   LBT	   are	   also	   found	   in	   wine	   from	   grape	   sources,	   research	   into	   chemical	  markers	   that	  delineate	  MALB-­‐affected	  wine	  would	  be	  advantageous.	  MP	  ratios	  and	   some	  alkaloid	  species	  are	  candidates	  for	  such	  an	  endeavour.	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CHAPTER	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Introduction	  
	   Alkyl-­‐methoxypyrazines	   (MPs)	   are	   aroma-­‐active	   compounds	   found	   in	   a	   variety	   of	  vegetables,	   nuts	   (bell	   pepper,	   beets,	   asparagus,	   peanuts)	   (Boubee	   and	   others,	   2000;	  Buchbauer	  and	  others,	  2000;	  Sala	  and	  others,	  2002)	  and	  spices	  (black	  and	  white	  pepper)	  (Jagella	  and	  Grosch,	  1999).	  They	  are	  also	  constituents	  of	  several	  grape	  and	  wine	  varietals;	  for	  certain	  varietals	  they	  can	  play	  an	  important	  and	  expected	  role	  in	  their	  aroma	  profiles	  at	  low	  concentrations	  (Sauvignon	  blanc,	  Cabernet	  sauvignon)	  (Allen	  and	  Lacey,	  1998)	  while	  at	   higher	   concentrations	   they	   can	   lead	   to	   unpleasant	   characters	   such	   as	   “green”	   and	  “unripe”.	  These	  compounds	  have	  also	  been	  linked	  to	  ‘ladybug	  taint’,	  a	  wine	  fault	  caused	  by	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the	   incorporation	   of	   Coccinellidae	   beetles	   in	   the	   winemaking	   process	   (Pickering	   and	  others,	  2004).	  Cocccinellidae	  secrete	  haemolymph	  which	  contains	  methoxypyrazines.	  Four	  methoxypyrazines	   have	   been	   identified	   in	   Coccinellidae	   haemolymph:	   isobutyl	  methoxypyrazine	   (IBMP),	   isopropyl	   methoxypyrazine	   (IPMP),	   secbutyl	   methoxypyrazine	  (SBMP)	  and	  2,5-­‐dimethyl-­‐3-­‐methoxypyrazine	  (DMMP)	  	  (Cudjoe	  and	  others,	  2005;	  Cai	  and	  others,	  2007).	  	  
Until	  recently,	  only	  IBMP,	  IPMP	  and	  SBMP	  have	  been	  reported	  as	  grape-­‐derived	  MPs	  in	   grapes	   and	   wines.	   Recently,	   however,	   Botezatu	   and	   others	   (2012a)	   DMMP	   in	   wines	  affected	  by	   ladybug	   taint	   as	  well	   as	   in	  non-­‐tainted	  Cabernet	   sauvignon	  and	  Vidal,	   raising	  the	  possibility	  that	  DMMP	  may	  be	  a	  hitherto	  unrecognized	  yet	  common	  impact	  compound	  in	  commercial	  wines.	  Alkyl-­‐methoxypyrazines	  have	  very	  low	  human	  detection	  thresholds:	  31	  ng/L	  for	  DMMP	  in	  red	  wine	  (Botezatu	  and	  others,	  2012b),	  0.3	  –	  2	  ng/L	  for	  IPMP	  in	  wine	  (Pickering	   and	   others	   2007),	   16	   ng/L	   for	   IBMP	   in	  wine	   (Salaand	   others,	   2005),	   and	   1-­‐2	  ng/L	  for	  SBMP	  in	  water	  (Sala	  and	  others,	  2005).	  Given	  their	  potency	  and	  that	  elevated	  MP	  levels	   have	   been	   associated	   with	   either	   under-­‐ripeness	   of	   grapes	   and/or	   ladybug	   taint	  (Pickering	  and	  others	  2005,	  Ross	   and	  others	  2007),	   it	   is	   important	   to	  be	  able	   to	   reliably	  quantify	  this	  class	  of	  compounds	  in	  wine.	  	  
Measuring	  MPs	   in	  wine	   is	  challenging	  due	  to	  their	  very	   low	  concentrations	  and	  by	  the	  complexity	  of	  the	  wine	  matrix,	  making	  them	  difficult	  to	  separate	  and	  quantify.	  The	  first	  methods	   for	  MP	  quantification	   reported	   in	   the	  1990s	  used	  distillation	  as	  a	  pretreatment,	  followed	   by	   extraction	   on	   cation-­‐exchange	   resin,	   pH	   adjustments	   and	   liquid-­‐liquid	   or	  liquid-­‐solid	   partitions,	   making	   them	   labor-­‐intensive	   and	   time	   consuming	   (Harris	   and	  others,	  1987;	  Allen	  and	  others,	  1991;	  Allen	  and	  others,	  1994).	   	  Later,	  various	  solid	  phase	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extraction	   (SPE)	  methods	  were	   used	   for	   volatile	   extraction	   and	   concentration	   (Pickering	  and	   others,	   2005;	   Pickering	   and	   others	   2006),	   including	   Lichrolut®	   (SPE	   column)	   and	  Lichrolut®	   coupled	   with	   dynamic	   SPE	   (Ferreira	   and	   others,	   2004;	   Cullere	   and	   others,	  2009).	   These	   methods	   have	   the	   advantage	   of	   somewhat	   easier	   sample	   extraction	   and	  concentration,	  although	  some	  are	  still	  quite	  laborious	  and	  not	  all	  are	  able	  to	  detect	  MPs	  at	  the	  very	   low	  levels	  required.	  To	  address	  the	  high	  levels	  of	  variability	  and	  low	  linearity	  of	  some	   of	   the	   methods,	   the	   use	   of	   deuterated	   MPs	   as	   internal	   standards	   was	   introduced	  (Harris	  and	  others,	  1987).	  Isotopically-­‐labeled	  analogs	  increase	  the	  reliability	  of	  results	  for	  analysts	   because	   the	   internal	   standard	   and	   target	   compound	   are	   almost	   identical,	  providing	  a	  simple	  and	  accurate	  experimental	  control.	  This	  is	  particularly	  necessary	  when	  the	   isolation	   method	   leads	   to	   incomplete	   extraction.	   Some	   methods	   based	   on	   liquid	  chromatography	   (HPLC)	   have	   detection	   levels	   (ug/L)	   considerably	   higher	   than	   those	  needed	   for	   wine	   (ng/L)	   (Heymann	   and	   others,	   1986),	   and	   others	   are	   very	   laborious,	  involving	  distillation	  and	  liquid-­‐liquid	  extraction	  (Alberts	  and	  others,	  2009).	  
The	   high	   complexity	   of	   the	   juice	   and	   wine	   matrices	   combined	   with	   the	   low	  concentration	   of	   the	   analytes	   have	   led	   to	   use	   of	   more	   refined	   systems	   such	   as	  multidimensional	  GC	  (MDGC)	  (Schmarr	  and	  others,	  2010),	  and	  GC	  x	  GC	  coupled	  with	  time	  of	  flight	  MS	  (TOF-­‐MS	  )	  (Ryona	  and	  others,	  2009)	  or	  nitrogen-­‐phosphorus	  detection	  (Ryan	  and	  others,	  2005).	  There	  is	  interest	  in	  method	  development	  and	  refinement	  for	  quantifying	  MPs	  in	  juice	  as	  well,	  given	  they	  are	  components	  of	  various	  grape	  cultivars	  and	  their	  juices	  (Allen	   and	   Lacey,	   1998;	   Hashizume	   and	   Samuta,	   1999;	   Sala	   and	   others,	   2000),	   and	   that	  recent	  advances	  towards	  minimizing	  MP	  loads	  in	  grape	  wines	  have	  focused	  on	  treatment	  of	  the	  juice	  (Inglis	  and	  others,	  2010).	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The	  main	  objective	  of	  the	  current	  study	  was	  to	  develop	  a	  sensitive	  and	  reliable	  GC	  method	  that	  would	  allow	  for	  the	  rapid	  quantification	  of	   IPMP,	   IBMP,	  SBMP	  and	  DMMP	  in	  wine.	  We	  also	   report	  on	   the	  concentrations	  of	   these	  MPs	   in	  a	   small	  but	  varied	  sample	  of	  commercial	  white	  and	  red	  wines.	  
Experimental	  
Study	  1:	  Column	  comparison	  trial	  
The	  purpose	  of	  this	  trial	  was	  to	  determine	  the	  optimum	  column	  for	  MP	  separation	  and	   subsequent	   quantification.	   The	   general	  method	   of	  Kotseridis	   and	   others	   (2008)	  was	  used,	  and	  the	  performance	  of	   three	  columns	  compared	  separately	   for	  model	  wine,	  model	  juice,	  grape	  juice	  and	  wine	  spiked	  with	  50	  ng/L	  of	  all	  the	  4	  internal	  MP	  standards.	  
Materials	  and	  methods	  
Three	  columns	  (with	  three	  different	  stationary	  phases)	  of	  different	  polarities	  were	  chosen:	  a	  HP5MS	  non-­‐polar	  column,	  a	  DB-­‐WAX	  highly	  polar	  column	  and	  a	  DB17	  mid-­‐polar	  column,	  all	   sourced	   from	  Agilent	  Technologies	   (DATU,	  Geneva,	  NY,	  USA).	  The	  wines	  used	  were	   a	   Vidal	   and	   a	   Cabernet	   sauvignon,	   previously	   produced	   at	   Brock	   University	   for	   a	  different	   research	   project.	   Ethanol	   (99.8%),	   tartaric	   acid	   (99.9%)	   and	   sucrose	   (99.8%)	  were	  purchased	  from	  Sigma	  Aldrich	  (Sigma	  Aldrich	  Inc,	  USA).	  The	  basic	  physico-­‐chemical	  composition	   of	   the	   base	   wines	   (ethanol,	   pH,	   titratable	   acidity	   (TA)	   and	   free	   SO2)	   were	  assessed	  as	  per	  Iland	  (1988),	  and	  is	  given	  in	  Table	  3.1.	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Table 3. 1 Basic physico-chemical parameters of wines used in Study 1 







Vidal 3.1 ± 0.0 7.9 ± 0.0 15.2 ± 0.0 64.6 ± 0.3 12.6 ± 0.1 
Cabernet sauvignon 3.8 ± 0.1 6.0 ± 0.1 7.5 ± 0.0 20.3 ± 0.8 13.2 ± 0.1 
All measurements were performed in duplicate and the mean values ± standard deviations are presented. 
Analyses were performed as per Illand (1988). 
Model	  wine	  was	  prepared	  by	  adding	  125	  mL	  ethanol	  and	  5	  g	  tartaric	  acid	  to	  1L	  of	  MilliQ	   (Millipore,	   Bedford,	   MA,	   USA)	   water.	   Model	   juice	   was	   prepared	   by	   adding	   213	   g	  sucrose	  to	  1L	  of	  MilliQ	  water.	  Vidal	  juice	  parameters	  were:	  total	  sugars	  212	  g/L,	  pH	  3.1,	  and	  total	  acidity	  8.0	  g/L.	  Cabernet	  sauvignon	  juice	  parameters	  were:	  total	  sugars	  235	  g/L,	  pH	  3.8,	  and	  total	  acidity	  6.3	  g/L.	  The	  methods	  described	  by	  Illand	  and	  others	  (1993)	  were	  used	  to	  determine	  all	  juice	  parameters.	  
Standards	  and	  solutions	  
Commercial	  IBMP	  (97%),	  SBMP	  (99%)	  and	  IPMP	  (97%)	  were	  purchased	  from	  Sigma	  Aldrich.	  Pure	  DMMP	  and	  the	  isotopically	  labeled	  internal	  standards	  [2H3]	  –	  DMMP,	  [2H3]	  –IPMP,	   [2H3]	  –	  SBMP	  and	   [2H3]	   -­‐	   IBMP	  were	  synthesized	  at	  Brock	  University	  based	  on	   the	  protocols	  detailed	  by	  Kotseridis	  and	  others	   (2008)	  and	  Czerny	  and	  Grosch	   (2000).	   Some	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adaptations	  of	  these	  protocols	  were	  made	  for	  synthesizing	  DMMP	  and	  [2H3]	  –	  DMMP;	  the	  full	  method	  is	  given	  below.	  
2,5-dimethyl-3-methoxypyrazine (DMMP) 
To	  a	  solution	  of	  3-­‐chloro-­‐2,5-­‐dimethylpyrazine	  1	  (11.1	  g,	  77.8	  mmol)	  in	  anhydrous	  MeOH	  (23	  mL)	  at	  room	  temperature	  was	  added	  freshly	  prepared	  sodium	  methoxide	  (8.39	  g,	   155	  mmol)	  with	   stirring.	   The	   reaction	  was	   heated	   to	   reflux	   for	   3.5	   h,	   cooled	   to	   room	  temperature,	  and	  then	  poured	   into	  a	  stirring	  volume	  of	  H2O	  (62	  mL).	  The	  aqueous	  phase	  was	  extracted	  with	  methylene	  chloride	  (3	  x	  30	  mL)	  and	  the	  combined	  organic	  layers	  were	  dried	  over	  anhydrous	  sodium	  sulfate,	  filtered	  and	  concentrated	  to	  provide	  2	  (10.5	  g,	  97%)	  as	  a	  brown	  colored	  viscous	  oil.	  1H	  NMR	  (300	  MHz,	  CDCl3,	  ppm)	  δ	  7.85	  (s,	  1H),	  3.96	  (s,	  3H),	  2.42	  (s,	  2H),	  2.41	  (s,	  3H).	  
2,5-dimethyl-[2H3]-3-methoxypyrazine ([2H3]-DMMP) 
To	   an	   orange	   solution	   of	   3-­‐chloro-­‐2,5-­‐dimethylpyrazine	  1	   (5.07	   g,	   35.5	  mmol)	   in	  MeOH-­‐d4	  (10	  mL)	  at	  room	  temperature	  was	  added	  freshly	  prepared	  NaOCD3	  (4.04	  g,	  71.1	  mmol)	  with	   stirring.	   The	   reaction	  mixture	  was	   heated	   to	   reflux	   for	   3	   h,	   cooled	   to	   room	  temperature,	   and	   poured	   into	   H2O	   (30	   mL).	   The	   aqueous	   mixture	   was	   extracted	   with	  methylene	  chloride	  (3	  x	  15	  mL),	  organic	  layers	  were	  combined	  and	  dried	  over	  anhydrous	  sodium	  sulfate.	  The	  organic	   layer	  was	  concentrated	  to	  yield	  2	   (4.86	  g,	  97%)	  as	  a	  viscous,	  gold	  colored	  oil.	  1H	  NMR	  (300	  MHz,	  CDCl3,	  ppm)	  δ	  7.84	  (s,	  1H),	  2.46	  –	  2.34	  (m,	  4H).	  HPLC	   grade	  methanol	   (>99.9%)	   and	   NaOH	   	   (99.9%)	  were	   purchased	   from	   Sigma	  Aldrich	  and	  NaCl	  (99%)	  was	  purchased	  from	  Caledon	  Laboratories	  (ON,	  Canada).	  Purified	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water	  was	  used	  to	  prepare	  working	  solutions	  and	  for	  sample	  dilution	  as	  per	  Kotseridis	  and	  others	  (2008).	  
Sample	  preparation	  
Wine	  samples	  were	  prepared	  according	  to	  the	  Kotseridis	  and	  others	  (2008)	  method.	  Specifically,	  for	  wines	  (both	  model	  and	  grape-­‐wines),	  400	  µL	  of	  2	  mMol	  NaOH	  were	  added	  to	  9	  ml	  of	  each	  wine	  followed	  by	  10	  μl	  of	  deuterated	  MPs	  (50	  μg/L	  solution	  of	  each)	  and	  10	  μl	  of	  MPs	  (50	  μg/L	  solution	  of	  each),	  after	  which	  the	  mix	  was	  topped	  to	  10	  ml	  with	  wine.	  The	  wine	  was	  then	  transferred	  to	  a	  25	  ml	  volumetric	  flask	  where	  it	  was	  diluted	  with	  pure	  MilliQ	  water	  to	  volume.	  10	  ml	  of	  the	  diluted	  sample	  were	  then	  transferred	  to	  a	  20	  mL	  glass	  vial	  that	  contained	  a	  Teflon	  coated	  stir-­‐bar.	  Three	  grams	  of	  NaCl	  were	  added	  to	  the	  vial	  and	  it	  was	  closed	  with	  a	  screw	  top	  containing	  a	  Teflon-­‐lined	  septum.	  For	  juices,	  10	  mL	  of	  each	  juice	   were	   spiked	   with	   50	   ng/L	   of	   each	   deuterated	   internal	   standard	   and	   MP	   and	  transferred	  to	  a	  20mL	  glass	  vial	  with	  a	  Teflon-­‐coated	  stir-­‐bar.	  	  
Volatiles	  from	  the	  headspace	  were	  extracted	  for	  30	  min.	  at	  40°C,	  under	  continuous	  stirring	  at	  1100	  rpm,	  on	  a	  2	  cm	  23	  gauge	  DVB/Carboxen/PDMS	  fiber	  (Supelco,	  Bellafonte,	  PA,	  USA).	  	  
Instrumental	  analysis	  
The	  analysis	  was	  performed	  using	  an	  Agilent	  7890A	  Gas	  -­‐	  Chromatograph	  coupled	  with	  an	  Agilent	  MS	  5975	  Mass	  Spectrometer.	  The	  column	  temperature	  was	  held	  at	  40°C	  for	  5	  min,	   ramped	   to	  110°C	  at	  3°C/min,	  held	   for	  1	  min	  at	  110°Cand	   then	   raised	   to	  230°C	  at	  25°C/minwith	  a	  hold	  time	  of	  3	  min.	  The	  carrier	  gas	  was	  helium,	  with	  an	  initial	  flow	  of	  1.2	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mL/min.	  The	  MSD	  interface	  was	  held	  at	  250°C	  and	  the	  temperature	  of	  the	  ion	  source	  was	  200°C.	  Mass	  channels	  were	  m/z	  =	  137	  and	  152	  for	  IPMP,	  138	  and	  124	  for	  SBP,	  124	  and	  151	  for	  IBMP	  and	  109,	  123	  and	  138	  for	  DMMP.	  Mass	  channels	  for	  the	  internal	  standards	  were	  m/z	  =	  140	  and	  155	  for	  [2H3]	  –IPMP,	  141	  and	  127	  for	  [2H3]	  –	  SBMP,	  127	  and	  154	  for	  [2H3]	  –	  IBMP	  and	  127	  and145	  for	  [2H3]	  –	  DMMP.	  
Results	  
As	   a	   measure	   of	   column	   performance,	   the	   proportions	   of	   the	   qualifier/quantifier	  ions	  as	  expressed	  in	  chromatographic	  area,	  were	  calculated	  for	  all	  samples	  and	  compared	  (Table	   3.2	   a-­‐c).	  When	   proper	   separation	   of	   the	   analytes	   from	   other	   matrix	   components	  occurs,	   the	   proportions	   should	   stay	   constant	   throughout	   evaluations.	   If	   the	   proportions	  vary,	   it	   signifies	  a	  possible	   co-­‐elution	  of	  another	  compound	  containing	  one	  of	   the	   ions	  of	  interest.	  Co-­‐elutions	  usually	   lead	   to	   improper	  quantification	  and	  unreliable	   identification,	  thus	  being	  undesirable.	  
As	  can	  be	  seen	  from	  these	  results,	  there	  were	  inconsistencies	  with	  the	  ion	  ratios	  for	  all	  columns	  as	  well	  as	  problems	  in	  sometimes	  detecting	  the	  peaks	  of	  interest.	  For	  example,	  for	  the	  DB	  17	  MS	  column,	  we	  could	  not	  detect	  the	  peaks	  for	  m/z	  138	  and	  123	  (quantifying	  and	   qualifying	   ions	   for	   DMMP)	   in	   either	  wines,	   while	   the	   proportions	   for	   ions	   124/151	  (IBMP)	  varied	  between	  1.85	  and	  23.90.	   	  Both	  HP5MS	  and	  DB	  WAX	  performed	  better	  than	  DB	  17	  MS,	  but	  there	  were	  still	  failures	  with	  some	  peak	  detections,	  such	  as	  no	  qualifier	  ion	  detection	  in	  Cabernet	  sauvignon	  juice	  and	  Vidal	  and	  Cabernet	  sauvignon	  wine	  for	  HP5MS,	  and	  no	  qualifier	  ion	  detection	  in	  Vidal	  or	  Cabernet	  sauvignon	  juice	  on	  the	  DBWAX	  column.	  Ion	  proportions	  also	  varied	  for	  both	  these	  columns,	  although	  not	  to	  the	  degree	  seen	  with	  
47	  
DB	  17	  MS.	  	  The	  greatest	  variations	  were	  observed	  with	  [2H3]	  –	  IBMP	  on	  HP5MS	  and	  IBMP	  on	  DB	  WAX.	  
These	  results	  suggest	  that	  none	  of	  the	  columns	  performed	  in	  a	  completely	  satisfying	  manner	  for	  our	  purposes.	  While	  both	  DB	  WAX	  and	  HP5	  MS	  columns	  have	  been	  reportedly	  used	  successfully	   for	  MP	  analysis	  previously	  (Kotseridis	  and	  others,	  1998;	  Kotseridis	  and	  others,	  1999;	  Kotseridis	  and	  others,	  2008),	  our	  data	  suggests	  that	  improved	  separation	  of	  the	   target	   compounds	   across	   the	   range	   of	  matrices	   of	   interest	  might	   be	  possible	   using	   a	  multi-­‐dimensional	   GC-­‐MS	   approach	   that	   incorporates	   both	   the	   HP	   5	   MS	   and	   DB	   WAX	  columns	  in	  the	  system.	  This	  forms	  the	  basis	  of	  our	  second	  study.	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Table 3. 2. a. Qualifier/quantifier ion proportions (area) for dimethyl- (DMMP),  isopropyl- (IPMP), secbutyl- (SBMP) and  














A138/A123 A145/A127 A137/A152 A140/A155 A138/A124 A141/A127 A124/A151 A127/A154
Model juice 5.19 3.69 4.43 4.28 1.33 1.97 8.32 9.19 
Model wine No peaks detected No peaks detected 4.13 3.27 5.69 1.80 6.49 8.42 
Vidal juice 3.61 2.14 3.96 3.75 1.72 1.40 10.47 9.73 
Cabernet 
sauvignon juice 
8.96 2.96 3.48 3.79 2.06 1.27 1.85 28.42 
Vidal wine No peaks detected No peak for (m/z) 
127 detected 
4.01 3.15 1.21 0.02 9.17 12.73 
Cabernet 
sauvignon wine 
No peak for (m/z) 
123 detected 
No peak for (m/z) 
127 detected
3.43 1.49 1.84 0.02 23.90 52.69 
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Table 3.2 b Qualifier/quantifier ion proportions (area) for dimethyl- (DMMP),  isopropyl- (IPMP), secbutyl- (SBMP) and 
isobutyl- methoxypyrazine (IBMP) separated on a HP 5 MS column 
Sample 
DMMP [2H3] – DMMP IPMP [2H3] –IPMP SBMP [2H3] – SBMP IBMP [2H3] - IBMP 
A138/A123 A145/A127 A137/A152 A140/A155 A138/A124 A141/A127 A124/A151 A127/A154
Model juice 3.47 2.27 3.63 3.25 1.47 1.62 6.83 8.32 
Model wine 2.9 No (m/z) 127 peak 
detected 
3.81 3.59 1.44 1.81 7.36 11.88 
Vidal juice 1.11 3.9 3.51 3.24 1.55 1.64 7.09 10.28 
Cabernet 
sauvignon juice 
No (m/z) 123 
detected 
2.09 3.56 3.27 1.46 1.63 7.01 9.97 
Vidal wine 1.62 No (m/z) 127 peak 
detected
4.33 3.04 1.30 1.66 7.23 6.07 
Cabernet 
sauvignon wine 
1.57 No (m/z) 127 peak 
detected
3.92 3.47 1.42 1.66 6.65 9.46 
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Table 3. 2 c. Qualifier/quantifier ion proportions (area) for dimethyl- (DMMP),  isopropyl- (IPMP), secbutyl- (SBMP) and 
isobutyl- methoxypyrazine (IBMP) separated on a DB WAX column 
Sample 








A138/A123 A145/A127 A137/A152 A140/A155 A138/A124 A141/A127 A124/A151 A127/A154
Model juice 0.61 0.60 3.66 3.12 1.51 1.72 6.06 8.34 
Model wine 0.45 0.46 4.2 3.11 1.23 1.74 2.87 6.89 
Vidal juice No (m/z) 138 peak 
detected 
0.60 3.57 3.05 1.6 1.73 5.46 8.02 
Cabernet 
sauvignon juice 
No (m/z) 138 peak 
detected
0.75 3.58 3.01 1.50 1.73 4.84 8.72 
Vidal wine 0.63 No (m/z) 127 peak 
detected
3.52 3.17 1.51 1.76 2.25 7.50 
Cabernet 
sauvignon wine 
0.94 No (m/z) 127 peak 
detected
3.68 3.19 1.60 1.77 1.95 8.96 
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Study	  2:	  Multi-­‐dimensional	  method	  development	  and	  validation	  
In	   this	   study,	   we	   sought	   to	   adapt	   the	   approach	   of	   Kotseridis	   and	   others	  (2008)	  to	  develop	  a	  reliable	  and	  sensitive	  MD-­‐GC-­‐MS	  method	  for	  quantifying	  MPs	  in	  white	  and	  red	  wine.	  
Materials	  and	  Methods.	  Validation	  procedures	  
Analyses	   were	   performed	   using	   an	   Agilent	   7890A	   Gas	   -­‐	   Chromatographer	  coupled	  with	  an	  Agilent	  MS	  5975	  Mass	  Spectrometer.	  The	  Gas	  –	  Chromatographer	  was	  equipped	  with	  a	  Dean	  Switch	  (Agilent	   Inc.,	  USA)	   that	  permitted	  switching	   the	  effluent	   flow	  between	   the	   two	   columns	  of	   the	  multi-­‐dimensional	   system.	  The	   first	  column	  was	   a	  HP5MS	   column	   (30	  m,	   0.25	  mm	   I.d.,	   0.25	   µm	   film	   thickness)	   (J&W	  Scientific,	   Folsom,	  CA,	  USA)	   and	   the	   second	   column	  was	   a	  DBWAX	   column	   (30	  m,	  0.25	  mm	  I.d.,	  0.25	  µm	  film	  thickness)	  (J&W	  Scientific,	  Folsom,	  CA,	  USA).	  	  
The	  column	  temperature	  was	  held	  at	  70°C	  then	  ramped	  to	  100°C	  at	  a	  rate	  of	  6°C/min,	   further	   ramped	   to	   130°C	   at	   a	   rate	   of	   2°C/min-­‐and	   to	   240°C	   at	   a	   rate	   of	  35°C/min	  where	  it	  was	  held	  for	  8	  min.	  The	  front	  inlet	  was	  set	  to	  splitless	  mode	  and	  held	  at	  250°C	  under	  23.2	  psi	  pressure.	  The	  purge	   flow	  was	   turned	  on	  after	  3	  min	  with	   a	   flow	   to	   the	   split	   vent	   of	   50mL/min.	   The	  dean-­‐switch	  was	  programmed	   for	  two	   heart-­‐cuts,	   the	   first	   between	  min	   9.8	   and	  min	   13.5,	   the	   second	   between	  min	  14.1	  and	  min	  14.88.	  The	  MSD	   interface	  was	  held	  at	  240°C	  and	   the	   temperature	  of	  the	   ion	   source	  was	   200°C.	   The	   carrier	   gas	  was	   helium,	  with	   an	   initial	   flow	   of	   0.8	  L/min.	  Identification	  was	  performed	  using	  SIM.	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For	   IPMP,	   ions	   137	   and	   152	  were	  monitored	   as	   quantifying	   and	   qualifying	   ions,	  respectively,	  while	  for	  the	  [2H3]	  –	  IPMP,	  ions	  140	  and	  127	  were	  monitored,	  with	  ion	  140	  used	   as	   the	   quantifying	   ion	   and	  127	   as	   the	   qualifying	   ion.	   For	   SBMP,	   the	   selected	  mass	  channels	  were	  m/z	  124	  and	  94,	  while	  for	  [2H3]	  –	  SBMP	  mass	  channels	  m/z	  	  141	  and	  127	  were	  monitored.	   Ions	   124	   and	   141	  were	   used	   for	   quantitation,	  while	   94	   and	   127	  were	  qualifying	  ions.	  The	  selected	  mass	  channels	  for	  IBMP	  were	  m/z	  124	  and	  81	  and	  for	  [2H3]	  –	  IBMP	  they	  were	  127	  and	  154.	   Ions	  124	  and	  127	  were	  used	  as	  quantifying	   ions	  while	  81	  and	  154	  were	  qualifying	   ions.	  For	  DMMP	  the	  mass	  channels	  were	  m/z	  123	  and	  109	  and	  ion	  123	  was	  used	   for	  quantification	  while	  109	  was	  used	  as	  qualifying	   ion.	  Recovery	  and	  resolution	  of	   [2H3]	  –	  DMMP	  was	  not	   satisfactory,	   so	  DMMP	  was	  quantified	  using	   [2H3]	  –	  IBMP,	  as	  above.	  The	  MS	  was	  operated	  in	  total	  ion	  chromatogram	  mode	  (TIC)	  with	  selected	  ion	  monitoring	  (SIM)	  and	  a	  gain	  factor	  of	  7.	  	  
The	   wine	   used	   for	   the	   validation	   of	   the	   method	   was	   a	   commercial	   Riesling.	   All	  wines	   samples	   were	   prepared	   as	   detailed	   in	   Study	   1.	   Samples	   were	   extracted	   using	   a	  Gerstel	   (Gerstel,	   Baltimore,	   MA,	   USA)	   automated	   sampler	   equipped	   with	   a	   Solid	   Phase	  Micro-­‐Extraction	   (SPME)	   syringe.	   After	   5	   min	   of	   equilibration	   time	   the	  DVB/Carboxen/PDMS	  Stable	  Flex	   fiber	   (Supelco,	  Bellefont,	  PA,	  USA)	  was	  exposed	   to	   the	  headspace	   of	   each	   vial	   for	   a	   20	   min	   extraction,	   at	   40°C	   and	   with	   stirring	   at	   600	   rpm.	  Injections	  were	  done	  in	  splitless	  mode,	  with	  a	  5	  min	  desorption	  time.	  A	  pre-­‐bakeout	  time	  of	  5	  min	  and	  a	  10-­‐min	  post-­‐bakeout	  time	  at	  250°C	  were	  used.	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Validation	  
Standard	  curves	  were	  created	  for	  each	  of	  the	  four	  MPs,	  using	  a	  MP-­‐free	  commercial	  Riesling	  with	  a	  12.2	  %	  vol.	  alcohol	  level	  and	  a	  pH	  of	  3.2.	  	  Five	  additions	  points	  were	  used	  (5,	   10,	   25,	   50,	   100	   ng/L	   for	   IBMP,	   SBMP	   and	   IPMP	   and	   10,	   25,	   50,	   100,	   200	   ng/L	   for	  DMMP).	  	  Two	  replicates	  of	  each	  addition	  point	  were	  extracted	  and	  analyzed.	  	  
Results	  and	  discussion	  
All	  curves	  had	  good	  linearity:	  for	  DMMP	  the	  peak	  area	  (m/z	  123)	  in	  relation	  to	  the	  [2H3]	  –	   IBMP	  internal	  standard	  peak	  (m/z	  154)	  was	   linearly	  correlated	  over	  the	   interval	  analyzed	   (R2	   =	   0.9944).	   The	   regression	   equation	   was	   [DMMP]	   (ng/L)	   =	   [(A/AIS)-­‐01.309]/0.0094,	   and	   this	  was	   used	   for	   the	   quantitation	   of	   all	   samples.	   IBMP	   peak	   area	  (m/z	  124)	  in	  relation	  to	  the	  [2H3]	  –	  IBMP	  internal	  standard	  peak	  (m/z	  154)	  was	  linearly	  correlated	  over	  the	  interval	  analyzed	  (R2	  =	  0.9992).	  The	  regression	  equation	  was	  [IBMP]	  (ng/L)	  =	   [(A/AIS)-­‐0.0322]/0.1896,	   and	   this	  was	  used	   for	   the	  quantitation	  of	   all	   samples.	  SBMP	  peak	  area	   (m/z	  124)	   in	  relation	   to	   the	   [2H3]	  –	  SBMP	   internal	   standard	  peak	  (m/z	  141)	   was	   linearly	   correlated	   over	   the	   interval	   analyzed	   (R2	   =	   0.9932).	   The	   regression	  equation	   was	   [SBMP]	   (ng/L)	   =	   [(A/AIS)-­‐0.0065]/0.0.019,	   and	   this	   was	   used	   for	   the	  quantitation	   of	   all	   samples.	   IPMP	   peak	   area	   (m/z	   137)	   in	   relation	   to	   the	   [2H3]	   –	   IPMP	  internal	  standard	  peak	  area	  (m/z	  140)	  was	  linearly	  correlated	  over	  the	  interval	  analyzed	  (R2	  =	  0.9992).	  The	  regression	  equation	  was	  [IPMP]	  (ng/L)	  =	  [(A/AIS)-­‐0.0096]/0.0067,	  and	  this	  was	  used	  for	  the	  quantitation	  of	  all	  samples.	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Standard	  deviations	  (SD)	  for	  replicate	  samples	  were	  <15%	  at	  the	  5	  ng/L	  level	  and	  <10%	  at	  the	  50	  ng/L	  level.	  Reproducibility	  was	  evaluated	  at	  5	  ng/L	  for	  all	  MPs	  (replicate	  number	  of	  runs	  =	  4)	  with	  the	  analyses	  performed	  on	  different	  days.	  	  Standard	  deviations	  were	  between	  5	  and	  15%.	  Recovery	  of	  analytes	  was	  performed	  by	  adding	  50	  ng/L	  of	  each	  MP	   to	  a	   commercial	  Pinot	  noir	  wine	   (Table	  3.3).	  The	   recoveries	  varied	  between	  98	  and	  105%,	  with	   SDs	   varying	  between	  1	   and	  6%.	  The	   limits	   of	   detection	  were	   calculated	   for	  each	  MP	   as	   3	   x	   signal/noise,	   using	   the	   quantifier	   ion,	   as	   for	   some	   samples	   some	   of	   the	  qualifying	  ions	  were	  not	  detectable	  below	  5	  ng/L.	  The	  limits	  of	  detection	  ranged	  between	  1-­‐2	  ng/l	  for	  IPMP,	  SBMP	  and	  IBMP,	  and	  5	  ng/L	  for	  DMMP.	  
Ion	  proportions	  were	  calculated	  for	  a	  commercial	  Riesling,	  commercial	  Pinot	  noir,	  and	   a	  model	  wine	   prepared	   as	   detailed	   in	   Study	   1	   (Table	   3.4).	   As	   can	   be	   seen,	   the	   ion	  proportions	  are	  much	  more	  stable	  with	  this	  system.	  Analyses	  of	  variance	  were	  performed	  to	   determine	  whether	   there	   are	   significant	   differences	   between	   the	   ion	   proportions	   for	  each	  of	  the	  pyrazines	  (XLSTAT	  version	  7.5.2,	  Addinsoft,	  40,	  rue	  Damremont,	  75018	  Paris	  France)	   with	   a	   significance	   level	   p	   =	   0.05.	   No	   significant	   differences	   were	   found.	   An	  example	  of	  a	  chromatogram	  generated	  by	  the	  analysis	  of	  a	  Pinot	  noir	  wine	  (France,	  2006)	  is	  shown	  in	  Figure	  3.1.	  Interestingly,	  although	  the	  Dean-­‐switch	  heart-­‐cut	  system	  allows	  for	  narrower	  cuts,	  we	  found	  that	  these	  cuts	  did	  not	  improve	  the	  performance	  of	  the	  method,	  rather	  on	  the	  contrary,	  very	  narrow	  cuts	  adversely	  affected	  the	  quality	  of	   the	  peaks	  and	  the	  ratio	  of	  qualifying/quantifying	  ions	  (data	  not	  shown).	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Table 3. 3 Recovery values for dimethyl- (DMMP), isopropyl- (IPMP), secbutyl- (SBMP) 









   First replicate 43 50 96 103 
   Second replicate 43 50 98 105 
IPMP 
   First replicate 9 50 63 101 
   Second replicate 9 50 65 102 
SBMP 
   First replicate 5 50 56 102 
   Second replicate 5 50 53 99 
IBMP 
   First replicate 9 50 57 98 
   Second replicate 9 50 63 101 
Analyses	  were	  performed	  in	  duplicate	  for	  all	  treatments	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Table 3. 4 Qualifier/quantifier ion proportions (area) for dimethyl- (DMMP), isopropyl- 
(IPMP), secbutyl- (SBMP) and isobutyl- methoxypyrazine (IBMP) separated on the multi-
dimensional Gas Chromatography – Mass Spectrometry system 
Sample 




SBMP [2H3] – 
SBMP 
IBMP [2H3] - 
IBMP 
A109/A123 A145/A127 A137/A152 A140/A127 A124/A94 A141/A127 A124/A81 A127/A154
Model wine 1.13 ± 0.08  2.31 ± 0.08 3.18 ± 0.13 1.92 ± 0.13 9.84 ± 0.11 1.87 ± 0.11 5.81 ± 0.14 7.87 ± 0.27 
White wine 1.11 ± 0.04 2.35 ± 0.10  3.11 ± 0.14 1.99 ± 0.06 9.73 ± 0.06 1.84 ± 0.11 5.37 ± 0.17 7.92 ± 0.30 
Red wine 1.04 ± 0.07 2.37 ± 0.03 3.14 ± 0.04 1.99 ± 0.14 9.63 ± 0.03 1.78 ± 0.07 5.26 ± 0.40 8.06 ± 0.27 
aAnalysis of variance ANOVA was used to determine statistical differences between values, with a significance 
value p=0.05. No significant differences were found. 
Values presented are the means of duplicate calculations  ± Standard Deviation (SD).	  
Compared	   to	   other	   analytical	  methods	   employing	  MD	   –	   GC,	   this	  method	   has	   the	  advantage	   of	   being	   faster	   and	   more	   straightforward,	   especially	   for	   sample-­‐preparation	  and	  extraction.	  It	  does	  not	  require	  SPE	  like	  the	  methods	  used	  by	  Cullere	  and	  others	  (2009)	  and	   Schmarr	   and	   others	   (2010),	   and	   is	   particularly	   well	   suited	   for	   large	   numbers	   of	  samples,	  as	  the	  preparation	  time	  is	  short	  (under	  3	  minutes	  per	  sample)	  and	  the	  run-­‐time	  allows	   for	   the	   analysis	   of	   approximately	   50	   samples	   in	   a	   24	   hours	   interval,	   using	   an	  automated	  sampler.	  While	  the	  limits	  of	  detection	  of	  our	  method	  are	  somewhat	  higher	  than	  those	  reported	  using	  SPE	  (1-­‐2	  ng/L	  compared	  to	  0.5	  –	  1.6	  ng/L),	  we	  consider	  these	  limits	  to	  be	  satisfactory	  for	  MP	  analysis	  in	  wines.	  The	  method	  used	  by	  Ryan	  and	  others	  (2005)	  is	  similar	   to	   the	   current	   method	   in	   terms	   of	   ease	   and	   speed	   of	   sample	   preparation	   and	  extraction	  (HS-­‐SPME),	  and	  the	  limits	  of	  detection	  are	  slightly	  lower	  (0.5	  ng/L	  using	  GC	  x	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GC	  coupled	  with	  TOF)	  or	  similar	  (1.95	  ng/L	  using	  GC	  x	  GC	  NPD)	  for	  IBMP.	  However,	  the	  aforementioned	  method	  was	  validated	  only	  for	  the	  quantification	  of	  IBMP.	  
The	  present	  method	  will	  be	  employed	  for	  the	  analysis	  of	  a	  large	  set	  of	  commercial	  wines;	  a	  preliminary	  subset	  of	  those	  results	  is	  presented	  in	  Table	  3.5.	  The	  results	  obtained	  for	   IPMP,	   IBMP	   and	   SBMP	   are	   largely	   in	   accordance	   with	   the	   previously	   published	  literature,	   although	   there	   is	   a	   trend	   of	   somewhat	   higher	   values,	   mostly	   for	   IPMP,	   than	  those	   reported	   in	   the	   past,	   perhaps	   due	   to	   the	   higher	   accuracy	   of	   the	   method.	  Interestingly,	  there	  is	  no	  detectable	  DMMP	  in	  the	  white	  wines	  assessed	  here,	  while	  DMMP	  concentrations	   in	   red	   wines	   cover	   a	   wide	   range	   both	   within	   and	   between	   varietals.	  Botezatu	  and	  others	  (2012a)	  detected	  DMMP	  in	  a	  (white)	  Vidal	  wine	  at	  concentrations	  of	  around	  13	  ng/L.	  The	  discrepancy	  with	  the	  data	  for	  white	  wines	  presented	  here	  may	  lie	  in	  the	  parentage	  of	   the	  grape	  varieties	  used;	  Vidal	   is	   an	   inter-­‐specific	  hybrid	   (Ugni	  Blanc	  x	  Seibel	   4986),	   whereas	   Riesling,	   Sauvignon	   blanc	   and	   Chardonnay	   are	   Vitis vinifera	  cultivars	  (Galet,	  1979).	  Some	  of	  the	  red	  wines	  examined	  here	  have	  DMMP	  concentrations	  above	  the	  human	  orthonasal	  threshold	  (31	  ng/L	  -­‐	  Botezatu	  and	  others,	  2012b),	  suggesting	  this	   MP	   may	   play	   a	   role	   in	   the	   quality	   of	   many	   wines,	   and	   that	   further	   study	   on	   its	  prevalence	  and	  impact	  is	  warranted.	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Table 3. 5 Dimethyl- (DMMP), isopropyl- (IPMP), secbutyl- (SBMP) and isobutyl- 
methoxypyrazine (IBMP) concentrations in a set of commercial wines analyzed using 
multi-dimensional Gas Chromatography – Mass Spectrometry 
Wine DMMP (ng/L) IPMP (ng/L) SBMP (ng/L) IBMP (ng/L) 
Cabernet sauvignon, Brazil, 
2006 
62.8 ± 1.8 9.0 ± 0.3 4.5 ± 0.3 12 ± 0.5 
Cabernet sauvignon, 
Argentina, 2007 
ND < 4 ng/L 7.5 ± 0.4 15.8 ± 1.4 
Riesling, Canada, 2005 ND < 4 ng/L < 4 ng/L 7 ± 0.4 
Sauvignon blanc, Australia, 
2009 
ND 6.5 ± 0.3 7.0 ± 0.4 4.5 ± 0.1 
Sauvignon blanc, New 
Zealand, 2009 
ND < 4 ng/L < 4 ng/L 7.7 ± 0.1 
Merlot, Chile, 2008 41.3 ± 6.3 13.0 ± 1.1 < 4 ng/L 14.4 ± 0.7 
Merlot, Israel, 2009 96.5 ± 5.7 21.7 ± 1.2 < 4 ng/L 17.9 ± 1.0 
Chardonnay, New Zealand, 
2008 
ND < 4 ng/L < 4 ng/L 8.9 ± 0.7 
Chardonnay, Canada, 2008 ND 4.1 ± 0.6 < 4 ng/L 8.0 ± 0.0 
Pinot noir, France, 2006 43.6 ± 2.3 13.5 ± 1.8 4.7 ± 0.0 8.8 ± 0.8 
Cabernet franc, Canada, 2006 ND 7.9 ± 0.4 4.4 ± 0.2 13.4 ± 0.1 
Wines were analyzed in duplicate. The values presented represent the means ± SD.  
ND – not detected 
Where the values are lower than the limits of quantitation data is presented as “< X ng/L”	  
Conclusions	  The	  MD-­‐GC-­‐MS	  method	  described	  here	  is	  superior	  to	  approaches	  based	  on	  a	  single	  column	  for	  the	  separation	  and	  quantification	  of	  MPs	  at	  trace	  levels	  in	  wine.	  To	  the	  best	  of	  our	  knowledge,	   it	   is	   the	   first	  analytical	  method	  developed	   for	   the	  quantification	  of	  2,5	  –	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dimethyl	   –	   3	   -­‐	   methoxypyrazine	   in	   wine.	   Although	   the	   limit	   of	   detection	   for	   DMMP	   is	  slightly	  higher	  than	  for	  other	  MPs,	  it	  is	  still	  well	  below	  the	  human	  detection	  threshold	  for	  DMMP	  in	  wine.	  The	  method	  combines	  the	  rapidity	  and	  ease	  of	  extraction	  offered	  by	  SPME	  with	  better	  separation	  of	  the	  analytes	  from	  possible	  coeluting	  compounds	  found	  in	  wine,	  as	  well	  as	  from	  each	  other.	  The	  validation,	  recovery	  and	  repeatability	  were	  all	  satisfactory.	  	  
Figure	   3-­‐	   1	  Total ion chromatogram (Selected Ion Monitoring) of headspace above a sample of Pinot 
noir wine (Pinot noir, France, 2006, as seen in Table 3.5). Dimethyl- (DMMP, ion 109), isopropyl- 
(IPMP, ion 137), secbutyl- (SBMP, ion 124) and isobutyl- methoxypyrazine (IBMP, ion 124) 
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Introduction	  The	  Multicolored	  Asian	  Ladybeetle	  (MALB)	  (Harmonia	  axyridis	  (Pallas)	  Coleoptera,	  Coccinelidae)	  was	  introduced	  in	  North	  America	  in	  1916	  from	  Korea	  and	  Japan,	  and	  several	  times	   afterwards,	   in	   attempts	   to	   establish	   a	   population	   that	   would	   act	   as	   a	   form	   of	  biocontrol	   against	   a	   range	   of	   soft	   bodied	  pests	   (Gordon,	   1985;	   Chapin	   and	   others,	   1991;	  	  Koch,	   2003;	   	   Koch	   and	   others,	   2003).	   Although	   it	   was	   eventually	   successful	   for	   this	  purpose,	   the	   beetle	   also	   spread	   to	   other	   crops	   outside	   of	   the	   target	   regions	   including	  grapes	  and	  other	  fruit.	  In	  vineyards	  adult	  MALB	  aggregate	  on	  the	  ripe	  grape	  clusters,	  and	  can	  be	  carried	  inside	  the	  winery	  at	  the	  time	  of	  harvest.	  If	  MALB	  are	  not	  removed	  prior	  to	  crushing	  and	  are	  present	  during	  the	  subsequent	  winemaking	  operations,	  the	  finished	  wines	  can	  develop	  off-­‐aromas	  and	  flavors,	  generating	  a	  taint	  commonly	  known	  as	  “ladybug	  taint”	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(LBT)	  (Pickering	  and	  others,	  2004;	  Pickering	  and	  others,	  2007;	  Pickering	  and	  others,	  2008;	  	  Pickering	  and	  others,	  2008b).	  	  MALB	  populations	  have	  also	  been	  reported	  in	  Europe,	  where	  the	  ladybug	  has	  been	  responsible	  for	  harvest	  contaminations	  in	  several	  countries,	  including	  the	  UK,	  France,	  Denmark	  and	   the	  Czech	  Republic	   (Majerus	  and	  others,	  2006;	  Brown	  and	  others,	  2008).	  
Ladybug	   taint	  can	  profoundly	  affect	   the	  quality	  of	  wines	  by	  modifying	  both	  ortho-­‐	  and	  retro-­‐nasal	  aromas	  as	  well	  as	  taste	  modalities,	  while	  at	  the	  same	  time	  masking	  varietal	  and	   other	   desirable	   sensory	   attributes	   of	  wine	   (Pickering	   and	   others,	   2004).	   	   The	  wines	  affected	   are	   characterized	   by	   increased	   intensities	   of	   bell	   pepper,	   asparagus,	   peanut	   and	  earthy/green	  aromas	  and	  flavors	  (Pickering	  and	  others,	  2004;	  Pickering	  and	  others,	  2005;	  Ross	   and	   others,	   2007).	   	   Lower	   intensities	   of	   fruit	   and	   floral	   descriptors	   have	   also	   been	  noted	  as	  well	  as	  changes	  in	  the	  perception	  of	  sweet,	  acid	  and	  bitter	  tastes.	  	  
Coccinella	   septempunctata	   	   (7	   Spot)	   is	   another	   Coccinellidae	   species	   that	   is	  indigenous	   to	   Europe	   and	   that	   spread	   to	   North	   America	   (Evans,	   2004).	   	   In	   many	   wine	  regions,	   including	  Ontario,	  Canada,	   it	   is	  now	  the	  most	  prevalent	   ladybug	  species,	  and	  it	   is	  often	   observed	   in	   vineyards	   at	   or	   around	   harvest.	   In	   a	   preliminary	   study,	   Botezatu	   and	  Pickering	   (2010)	   reported	  on	  data	   indicating	   the	   capacity	   of	   7	   Spot	   to	   also	   contribute	   to	  LBT	   in	   wine.	   This	   finding	   is	   consistent	   with	   anecdotal	   evidence	   that	   7	   Spot	   adversely	  affected	  the	  quality	  of	  wines	  in	  Germany	  in	  the	  1980s,	  although	  at	  the	  time	  the	  relationship	  between	  ladybeetles	  and	  wine	  quality	  was	  not	  yet	  known.	  
LBT	   has	   been	   linked	   to	   the	   presence	   of	   3-­‐alkyl-­‐2-­‐methoxypyrazines.	   These	  compounds	   have	   been	   identified	   in	   the	   haemolymph	   secreted	   by	   MALB	   and	   other	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Coccinellidae,	   with	   2-­‐isopropyl-­‐3-­‐methoxypyrazine	   (IPMP)	   being	   the	   most	   abundant	  (Cudjoe	   and	   others,	   2005;	   Cai	   and	   others,	   2007)	   and	   odor	   active	   (Cai	   and	   others,	   2007).	  	  IPMP	  has	  been	  correlated	   to	   sensory	  attributes	   such	  as	   “potatoes”,	   “peas”,	   “peanuts”	   and	  “earthy”	   (Cai	   and	   others,	   2007).	   	   Three	   other	   pyrazines	   have	   also	   been	   identified	   in	   the	  beetles'	   haemolymph:	   2-­‐isobutyl-­‐3-­‐methoxypyrazine	   (IBMP),	   2-­‐secbutyl-­‐3-­‐methoxypyrazine	   (SBMP)	   and	   2,5-­‐dimethyl	   –	   3-­‐methoxypyrazine	   (DMMP)	   with	   aromas	  described	   as,	   respectively,	   “peanut,	   potato,	   earthy,	   spicy”,	   “nutty,	   potato,	   peanut”	   and	  “mouldy,	  earthy”	  (Cai	  and	  others,	  2007).	  	  These	  descriptors	  are	  consistent	  with	  those	  used	  to	   characterize	   LBT	   affected	   wines	   (Pickering	   and	   others,	   2004;	   Pickering	   and	   others,	  2005;	   Pickering	   and	   others,	   2007;	   Pickering	   and	   others,	   2008).	   Direct	   evidence	   that	  methoxypyrazines	   (MPs)	   generate	   LBT	   in	  wines	   came	   from	   Pickering	   and	   others	   (2005,	  2008,	   2008b,),	   where	   concentrations	   of	   IPMP	   increased	   in	   wines	   fermented	  with	   added	  MALB	   beetles.	   Moreover,	   the	   intensity	   of	   earthy/herbaceous	   characters	   was	   positively	  correlated	  with	  IPMP	  concentration	  in	  red	  wines	  (Pickering	  and	  others,	  2005).	  	  Contrary	  to	  these	   findings,	   a	   study	   by	   Galvan	   and	   others	   (Galvan	   and	   others,	   2008)	   found	   no	  correlation	  between	  IPMP	  concentration	  in	  wine	  and	  MALB	  infestation	  levels.	  	  
Most	   of	   the	   studies	   seeking	   to	   identify	   the	   compounds	   responsible	   for	   LBT	   have	  employed	   gas	   chromatography	  mass	   spectrometry	   (GC-­‐MS).	   One	   study	   employed	   GC-­‐MS	  coupled	   with	   olfactometry	   (GC-­‐O-­‐MS)	   to	   identify	   and	   characterize	   the	   odor	   active	  compounds	   in	   live	  MALB	  (Cai	  and	  others,	  2007)	  and	  one	  used	  GC-­‐O-­‐MS	  to	  determine	   the	  compounds	  associated	  with	  LBT	  in	  grape	  juice	  (Ross	  and	  others,	  2010).	  	  GC-­‐O-­‐MS	  has	  not	  been	  used	  to	  date	  to	  characterize	  wines	  tainted	  by	  MALB	  or	  7	  Spot.	  It	  is	  the	  most	  used	  and	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best	   suited	   method	   for	   identifying	   the	   origin	   of	   off-­‐odors	   and	   -­‐flavors	   in	   food	   and	  beverages,	  in	  part	  due	  to	  its	  ability	  to	  combine	  human	  and	  analytical	  responses.	  
The	  main	  objective	  of	   the	  current	  study	  was	   to	   identify	   the	  compounds	  associated	  with	  LBT	  in	  wines	  fermented	  with	  either	  added	  MALB	  or	  7	  Spot	  beetles	  using	  GC	  O	  MS.	  We	  hypothesized	  that	  the	  LBT	  wines	  will	  generate	  a	  higher	  frequency	  of	  detection	  for	  3-­‐alkyl-­‐2-­‐methoxypyrazines	   compared	   to	   control	   wines.	   A	   second	   objective	   was	   to	   identify	   the	  most	   odor-­‐active	   compounds	   in	   LBT	   wines	   using	   the	   Aroma	   Extract	   Dilution	   Analysis	  (AEDA)	   (Grosch,	   1993).	   	   Our	   third	   objective	  was	   to	   quantify	   in	   control	   and	   LBT-­‐affected	  wines	   the	   four	   MPs	   previously	   identified	   in	   Coccinellidae	   haemolymph	   (DMMP,	   IPMP,	  SBMP	  and	  IBMP)	  using	  Multi	  Dimensional	  GC-­‐MS	  Analysis	  (MD-­‐GC-­‐MS).	  Clearer	  elucidation	  of	   the	   compound(s)	   responsible	   for	   LBT	   should	   enable	   more	   precise	   and	   effective	  remediation	  of	  affected	  juice	  and	  wine.	  
Materials	  and	  Methods	  
Preparation	  of	  lady	  beetles	  and	  grapes	  
MALB	  and	  7	   Spot	  beetles	  were	   gathered	   from	  several	   vineyards	   from	   the	  Niagara	  Peninsula.	   The	   beetles	  were	   kept	   in	   two	  wire	  mesh	   cages	   (one	   cage	   per	   species)	   at	   7°C,	  with	  grapes	  and	  apples	  as	  a	  food	  source,	  until	  required	  for	  the	  study.	  
Both	   Vidal	   and	   Cabernet	   sauvignon	   grapes	   (2007	   vintage)	   were	   sourced	   from	  vineyards	  located	  in	  the	  Niagara	  region,	  known	  to	  be	  free	  of	  ladybeetles.	  Vidal	  grapes	  were	  placed	  in	  15	  bins,	  each	  containing	  12	  kg	  of	  grapes;	  Cabernet	  sauvignon	  grapes	  were	  placed	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in	   15	   bins,	   each	   containing	   14	   kg	   of	   grapes.	   The	   grapes	   were	   processed	   at	   the	   Brock	  University	  Pilot	  Winery.	  
Preparation	  of	  Wines	  
For	   all	   the	   control	   wines,	   each	   bin	   of	   grapes	   was	   crushed	   and	   destemmed	  individually	  into	  20	  L	  pails.	  For	  both	  MALB	  and	  7	  Spot	  wines,	  the	  grapes	  in	  each	  bin	  were	  added	  to	  the	  crusher/destemmer,	  one	  bin	  at	  a	  time.	  Ten	  live	  beetles	  of	  either	  species	  per	  kg	  grapes	   were	   then	   evenly	   distributed	   into	   the	   crusher	   destemmer	   with	   the	   grapes	   and	  processed	  into	  individual	  20	  L	  pails.	  Close	  attention	  was	  paid	  throughout	  the	  processing	  of	  the	  grapes,	   in	  order	   to	  ensure	   that	  no	  beetles	  escaped.	  All	   treatments	  were	  performed	   in	  triplicate	  and	  the	  crusher/destemmer	  was	  thoroughly	  cleaned	  between	  treatments.	  
Vidal	  
Each	   pail	   was	   pressed	   individually	   in	   a	   small	   basket	   bladder	   press	   at	   2	   bars	  pressure.	   The	  order	   of	   pressing	  was	   control	  wine,	   followed	  by	   the	  7	   Spot	   treatment	   and	  ended	  with	  the	  MALB	  treatment.	  The	  press	  was	  meticulously	  cleaned	  after	  each	  treatment	  to	   prevent	   any	   possible	   cross-­‐contamination	   between	   treatments.	   The	   juice	  was	   sulfited	  with	  30	  ppm	  SO2	  and	  then	  cold	  settled	  for	  24	  hours.	  The	  juice	  was	  racked	  into	  10	  L	  glass	  carboys	  stoppered	  with	  fermentation	  locks.	  An	  addition	  of	  Diammonium	  phosphate	  (DAP)	  (200	  mg	  N/L)	  was	  made	   to	  each	  carboy	  prior	   to	  yeast	   inoculation.	  The	  yeast	   strain	  used	  was	  EC	  1118	   (Lallemand	   Inc.,	   Santa	  Rosa,	  CA).	  The	  yeast	  was	   rehydrated	  and	   inoculated	  according	   to	   manufacturer's	   directions.	   All	   carboys	   were	   placed	   in	   a	   temperature-­‐controlled	  room	  at	  18°C	  and	  fermented	  to	  dryness.	  After	  the	  fermentation	  was	  completed,	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all	   wines	   were	   racked,	   sulfited	   (50	   ppm)	   and	   transferred	   to	   a	   -­‐2˚C	   room	   for	   cold	  stabilization.	  
Cabernet	  sauvignon	  
After	  all	   treatments	  were	  settled	   for	  24	  hours	  at	   room	  temperature,	  DAP	  (200	  mg	  N/L)	  was	  added	  to	  each	  pail	  prior	  to	  inoculation.	  The	  same	  yeast	  was	  used	  as	  for	  the	  Vidal	  wines	   and	   the	   rehydration	   and	   inoculation	   of	   the	   yeast	  was	   done	   as	   per	  manufacturer's	  instructions.	  The	  fermentation	  vessels	  were	  covered	  with	  lids	  equipped	  with	  fermentation	  locks	   and	   moved	   into	   a	   temperature-­‐controlled	   environment	   at	   24˚C.	   The	   caps	   were	  punched	  down	  twice	  daily	  and	  the	  fermentation	  was	  run	  to	  dryness	  for	  a	  total	  of	  15	  days.	  Once	   the	   fermentation	   completed,	   each	   pail	   was	   individually	   pressed	   in	   a	   small	   basket	  bladder	  press	  at	  2	  bars	  pressure	  and	  transferred	  into	  glass	  carboys.	  The	  order	  of	  pressing	  was	  control	  wine,	   followed	  by	  the	  7	  Spot	  treatment	  and	  ended	  with	  the	  MALB	  treatment.	  The	   press	  was	   thoroughly	   cleaned	   between	   treatments.	   The	  wines	  were	   sulfited	   (60	  mg	  SO2	  /L)	  and	  moved	  into	  a	  -­‐2°C	  space	  for	  cold	  stabilization.	  After	  cold	  stabilization	  both	  white	  and	  red	  wines	  were	  racked	  and	  checked	  for	  pH	  and	   free	   SO2	   levels.	   SO2	   additions	   were	   made	   where	   needed	   to	   achieve	   free	   SO2	  concentrations	   between	   20-­‐	   50	   mg/L.	   The	   wines	   were	   filtered	   through	   a	   1.0	   µ	   filter	  followed	  by	  a	  0.45	  µ	  filter	  and	  then	  bottled.	  
Only	   one	   of	   the	   3	   fermentation	   replicates	   for	   each	   Vidal	   and	   Cabernet	   sauvignon	  control,	  MALB	  and	  7	  Spot	  treatments	  was	  chosen,	  after	  bench-­‐test	  tastings	  established	  the	  most	  representative	  replicate	  (no	  faults	  and	  clear	  LBT	  odor-­‐profile	  for	  the	  treatments).	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Sensory	  analysis	  and	  lexicon	  development	  
A	  panel	  of	  6	  assessors	  was	  recruited	  from	  the	  students	  and	  staff	  at	  the	  Cool	  Climate	  Oenology	  and	  Viticulture	   Institute	  at	  Brock	  University	   in	  St.	  Catharines.	  All	  assessors	  had	  extensive	  sensory	  analysis	  experience,	  and	  all	  took	  part	  in	  three	  training	  sessions	  on	  use	  of	  the	  GC	  O.	  The	  ages	  of	   the	  assessors	  were	  between	  28	  and	  57,	  with	  a	  mean	  age	  of	  37.	  All	  were	   free	   of	   anosmias	   for	   MPs	   and	   had	   participated	   in	   previous	   LBT-­‐related	   sensory	  studies.	  
In	  order	  to	  verify	  the	  discriminatory	  acuity	  of	  the	  assessors	  and	  the	  aptness	  of	  the	  selected	   wines	   each	   assessor	   performed	   a	   triangle	   test	   for	   both	   Vidal	   and	   Cabernet	  sauvignon	   to	   determine	   whether	   the	   control	   wines	   could	   be	   distinguished	   from	   the	  treatment	   wines.	   For	   each	   varietal	   the	   three	   wines	   (control,	   MALB	   and	   7	   Spot)	   were	  presented	   to	   each	   assessor	   in	   ISO	   glasses	   covered	   with	   plastic	   caps	   and	   labeled	   with	   a	  random	  three-­‐digit	  code.	  The	  assessors	  were	  asked	  to	  identify	  the	  control	  wines	  (the	  wine	  displaying	  no	  LBT	  characteristics).	  All	  assessors	  were	  able	  to	  correctly	  identify	  the	  control	  wines	   for	  both	  white	  and	  red.	   In	   two	  subsequent	  sensory	  analysis	  sessions	   the	  assessors	  were	   asked	   to	   generate	   a	   list	   of	   descriptors	   that	   characterized	   the	   wines	   presented.	  Control,	  MALB	  and	  7	  Spot	  tainted	  Vidal	  and	  Cabernet	  sauvignon	  wines	  were	  presented	  to	  the	  assessors,	   one	  varietal	  per	   session.	  A	   list	   of	   suggested	  descriptors	  was	  also	   supplied,	  containing	   the	   terms	   published	   by	   Pickering	   and	   others	   (2004).	   	   The	   assessors	   were	  instructed	   to	   only	   smell	   the	   wines	   and	   asked	   to	   include	   all	   LBT	   related	   and	   non-­‐LBT	  descriptors	   they	   were	   able	   to	   identify	   in	   the	   wines.	   From	   the	   list	   generated	   by	   all	   the	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assessors,	   a	   shorter	   list	  was	   then	   created	  by	   removal	   of	   redundant	   descriptors,	  with	   the	  consensus	  of	  all	  assessors.	  	  
Following	   the	   sensory	   analysis	   sessions,	   each	   assessor	   individually	   took	   part	   in	  three	   training	   sessions	   on	   the	   GC-­‐O-­‐MS.	   	   Assessors	   were	   instructed	   on	   the	   use	   of	   the	  interface	   and	   of	   the	   sniffing	   port.	   They	  were	   asked	   to	   sniff	   three	  wine	   samples	   (Vidal	   7	  Spot,	  Cabernet	  sauvignon	  MALB	  and	  Cabernet	  sauvignon	  7	  Spot)	  and	  record	  and	  describe	  all	   odor	  events	  using	   the	  odor	  descriptors	   from	   the	   list	  previously	  generated.	  They	  were	  also	  asked	  to	  record	  any	  other	  descriptors	  that	  were	  not	  part	  of	  the	  previously	  generated	  list	  but	  that	  were	  perceived	  during	  sniffing.	  No	  more	  than	  one	  training	  session	  per	  day	  per	  assessor	   was	   performed.	   After	   the	   completion	   of	   the	   GC-­‐O-­‐MS	   training,	   the	   original	  descriptor	  list	  was	  amended	  with	  the	  addition	  of	  new	  terms	  that	  appeared	  consistently	  on	  the	  sniff	   reports	  generated	  by	   the	  assessors	  during	   the	   training	  sessions.	  The	   final	   list	  of	  descriptors	  was:	  asparagus,	  baking	  bread/donuts,	  bell	  pepper,	  candy,	  cherry,	  citrus,	  dirty	  socks,	   earthy,	   floral,	   green	   bean-­‐canned,	   green/herbaceous,	   licorice,	   melon,	   mushroom	  fresh,	  musty,	  peanuts,	  plum,	  red	  berry,	  vegetal/dead	  leaves	  and	  flowers	  and	  other.	  
GC-­‐O-­‐MS	  Analysis	  
The	  wines	  analyzed	  were	  the	  control,	  7	  Spot	  and	  MALB	  treatments	  of	  both	  Vidal	  and	  Cabernet	   sauvignon	   varietals.	   The	   analysis	   was	   performed	   using	   an	   Agilent	   6890	   N	   Gas	  Chromatographer	  connected	  to	  a	  sniffing	  port	  (DATU,	  Geneva,	  NY,	  USA)	  and	  a	  Agilent	  5975	  B	  Mass	  Spectrometer	  (MS)	  detector.	  The	  column	  effluent	  was	  split	   in	  a	  1:1	  ratio	  between	  the	  sniffing	  port	  and	  the	  MS.	  For	  the	  olfactometric	  analysis,	  heated	  (40°C)	  and	  humidified	  air	   was	   circulated	   through	   the	   sniffing	   port	   at	   100	  mL/min.	   Prior	   to	   sample	   analysis,	   a	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hydrocarbon	   file	  was	   created	  by	   injecting	   a	  mixture	  of	  C7-­‐C18	  alkanes	   into	   the	  GC-­‐O	  MS	  system,	   under	   the	   same	   chromatographic	   conditions	   used	   for	   sample	   analysis,	   and	  recording	  the	  retention	  times	  of	  each	  alkane.	  After	  the	  completion	  of	  the	  hydrocarbon	  file,	  each	   individual	   2-­‐	   alkyl-­‐3-­‐	   methoxypyrazine	   (DMMP,	   IBMP,	   SBMP	   and	   IPMP)	   was	   also	  injected	   into	   the	   GC-­‐O	   MS	   system,	   using	   identical	   chromatographic	   conditions.	   The	  Retention	  Time	  (RT)	  and	  Retention	  Index	  (RI)	  were	  recorded	  for	  each	  of	  the	  MPs.	  	  
Standards	  and	  solutions	  
Commercial	  IBMP	  (97%),	  SBMP	  (99%)	  and	  IPMP	  (97%)	  were	  purchased	  from	  Sigma	  Aldrich	   (Sigma	   Aldrich	   Inc.,	   MO,	   USA).	   Pure	   DMMP	   and	   the	   isotopically	   labeled	   internal	  standards	  [2H3]	  –	  DMMP,	  [2H3]	  –IPMP,	  [2H3]	  –	  SBMP	  and	  [2H3]	  -­‐	  IBMP	  were	  synthesized	  at	  Brock	  University	  according	  to	  the	  protocols	  detailed	  by	  Kotseridis	  and	  others	  (2008),	  and	  	  Czerny	   and	   Grosch	   (2000).	   	   HPLC	   grade	  methanol	   (>99.9%)	  was	   purchased	   from	   Sigma	  Aldrich	   (Sigma	   Aldrich	   Inc.,	   MO,	   USA)	   and	   NaCl	   (99%)	   was	   purchased	   from	   Caledon	  Laboratories	  (ON,	  Canada).	  
For	   the	   first	   part	   of	   the	   study,	   wine	   samples	   were	   prepared	   according	   to	   the	  Kotseridis	  and	  others	  (2008)	  	  method.	  Specifically,	  400	  µL	  of	  2	  mMol	  NaOH	  were	  added	  to	  10	  ml	  of	  each	  wine;	  the	  wine	  was	  then	  transferred	  to	  a	  25	  ml	  volumetric	  flask	  where	  it	  was	  diluted	  with	  pure	  MilliQ	  water	  (Millipore,	  MA,	  USA)	  to	  volume.	  10	  ml	  of	  the	  diluted	  sample	  were	  then	  transferred	  to	  a	  20	  mL	  glass	  vial	  that	  contained	  a	  Teflon	  coated	  stir-­‐bar.	  Three	  grams	   of	   NaCl	   were	   added	   to	   the	   vial	   and	   it	   was	   closed	   with	   a	   screw	   top	   containing	   a	  Teflon-­‐lined	   septum.	   Volatiles	   from	   the	   headspace	   were	   extracted	   for	   30	   min.	   at	   40˚C,	  under	   continuous	   stirring	   at	   1100	   rpm,	   on	   a	  2	   cm	  23	  gauge	  DVB/Carboxen/	  PDMS	   fiber	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(Supelco,	   Bellafonte,	   PA,	  USA).	   After	   extraction,	   the	   fiber	  was	   desorbed	   for	   5	  min.	   in	   the	  injector	  at	  250˚C	   in	   splitless	  mode.	  The	  column	  used	  was	  a	  HP5-­‐MS	   (30	  m,	  0.25	  mm	  I.d.,	  0.25	  µm	  film	  thickness)	   (J&W	  Scientific,	  Folsom,	  CA,	  USA).	   	  The	  column	  temperature	  was	  held	  at	  60˚C	  for	  one	  min,	  ramped	  to	  140ºC	  at	  4˚C/min	  and	  to	  250˚C	  at	  25˚C/min	  with	  a	  hold	  time	  of	  3	  min.	  The	  MS	  was	  run	  in	  both	  SCAN	  and	  SIM	  mode.	  Mass	  channels	  were	  m/z	  =	  137	  and	  152	  for	  IPMP,	  138	  and	  124	  for	  SBP,	  124	  and	  151	  for	  IBMP	  and	  109,	  123	  and	  138	  for	  DMMP.	  	  
Olfactometry	  
For	  the	  first	  part	  of	   the	  study	  the	  assessors	  were	  asked	  to	  sniff	   the	  control,	  7	  Spot	  and	  MALB	  Vidal	  and	  Cabernet	  sauvignon	  wines.	  Each	  assessor	  performed	  one	  sniff-­‐run	  per	  day,	  and	  was	  not	   informed	  of	  which	  wine	  they	  were	  assessing.	  The	  order	  of	  analysis	  was	  control,	  7	  Spot	  treatment	  and	  MALB	  treatment	   for	  both	  varietals.	  Sniffing	  was	  performed	  for	  the	  whole	  duration	  of	  each	  run	  (24.8	  min).	  The	  assessors	  were	  instructed	  to	  assign	  an	  odor	   descriptor	   to	   each	   odor	   event	   detected	   by	   pressing	   the	   left	   mouse	   button	   at	   the	  beginning	   of	   each	   odor	   event,	   releasing	   the	   button	   at	   the	   end	   of	   the	   odor	   event	   and	  subsequently	   choosing	   the	   appropriate	   descriptor	   from	   the	   list	   that	   appeared	   on	   the	  computer	   screen.	   The	   list	   contained	   all	   the	   descriptors	   generated	   during	   the	   descriptive	  analysis	  training	  sessions.	  Each	  assessor	  evaluated	  each	  wine	  sample	  in	  duplicate,	  thus	  the	  panel	  generated	  12	  individual	  analyses	  for	  each	  sample.	  
For	  the	  second	  part	  of	  the	  study	  (AEDA),	  only	  Cabernet	  sauvignon	  wines	  were	  used	  (control,	   7	   Spot	   and	   MALB).	   The	   samples	   were	   prepared	   as	   described	   above,	   and	   then	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sequentially	  diluted	  with	  MILIQ	  water	  (Millipore,	  MA,	  USA)	  using	  a	  dilution	  factor	  of	  2.	  The	  chromatographic	  conditions	  were	  the	  same	  as	  those	  described	  for	  the	  previous	  study.	  
Resource	  issues	  prevented	  the	  use	  of	  the	  full	  panel	  of	  assessors.	  Instead,	  two	  of	  the	  six	  assessors	  from	  the	  previous	  analysis	  were	  asked	  to	  sniff	  the	  Cabernet	  sauvignon	  control	  wine	   at	   increasing	   levels	   of	   dilution	   until	   no	   LBT	   related	   descriptors	   were	   detected	   by	  either	   assessor	   (achieved	   at	   a	   64-­‐fold	   dilution).	   This	   was	   accomplished	   over	   a	   series	   of	  sniff-­‐sessions,	  with	  no	  more	  than	  two	  sniff-­‐sessions	  per	  day	  per	  assessor,	  and	  with	  a	  break	  of	   at	   least	   two	  hours	   in	   between	   same-­‐day	   sniff	   sessions.	   The	   assessors	   then	   sniffed	   the	  control	  and	  treatment	  (MALB	  and	  7	  Spot)	  Cabernet	  sauvignon	  wines	  at	  64-­‐fold	  dilution	  in	  triplicate	  and	  were	  instructed	  to	  record	  only	  the	  LBT	  related	  attributes	  detected.	  	  One	  sniff-­‐session	  per	  day	  per	  assessor	  was	  used	  for	  this	  task,	  and	  the	  assessors	  were	  not	  informed	  which	  wines	  they	  were	  evaluating.	  	  
Multi	  Dimensional	  GC-­‐MS	  Analysis	  (MD-­‐GC-­‐MS)	  
All	  wines	  were	  analyzed	  by	  MD-­‐GC-­‐MS	  in	  order	  to	  determine	  the	  concentrations	  of	  MPs	  present.	  The	  analysis	  was	  performed	  using	  an	  Agilent	  7890A	  Gas	  -­‐	  Chromatographer	  coupled	   with	   an	   Agilent	   MS	   5975	   Mass	   Spectrometer	   with	   triple	   detector.	   The	   Gas	   –	  Chromatographer	   was	   equipped	   with	   a	   Dean	   Switch	   (Agilent	   Inc.,	   USA)	   that	   permitted	  switching	  the	  effluent	  flow	  between	  the	  two	  columns	  of	  the	  multi-­‐dimensional	  system.	  The	  first	   column	   was	   a	   HP5MS	   column	   (30	   m,	   0.25	   mm	   I.d.,	   0.25	   µm	   film	   thickness)	   (J&W	  Scientific,	  Folsom,	  CA,	  USA)	  and	  the	  second	  column	  was	  a	  DBWAX	  column	  (30	  m,	  0.25	  mm	  I.d.,	  0.25	  µm	  film	  thickness)	  (J&W	  Scientific,	  Folsom,	  CA,	  USA).	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The	  column	  temperature	  was	  held	  at	  70°C	  then	  ramped	  to	  100°C	  at	  a	  rate	  of	  6°C/	  min,	   further	   ramped	   to	   130°C	   at	   a	   rate	   of	   2°C/min	   and	   to	   240°C	   at	   a	   rate	   of	   35°C/min	  where	   it	  was	  held	   for	  8	  min.	  The	   front	   inlet	  was	   set	   to	   splitless	  mode	  and	  held	  at	  250°C	  under	  23.2	  psi	  pressure.	  The	  purge	  flow	  was	  turned	  on	  after	  3	  min	  with	  a	  flow	  to	  the	  split	  vent	  of	  50mL/min.	  The	  FID	  detector	  was	  turned	  off.	  The	  dean-­‐switch	  was	  programmed	  for	  two	  heart-­‐cuts,	  the	  first	  between	  min	  9.8	  and	  min	  13.5,	  the	  second	  between	  min	  14.1	  and	  min	  14.88.	  The	  MSD	  interface	  was	  held	  at	  240°C	  and	  the	  temperature	  of	  the	  ion	  source	  was	  200°C.	   The	   carrier	   gas	   was	   helium,	   with	   an	   initial	   flow	   of	   0.8	   L/min.	   Identification	   was	  performed	   using	   SIM.	   	   For	   IPMP,	   ions	   137	   and	   152	  were	  monitored	   as	   quantifying	   and	  qualifying	  ions,	  respectively,	  while	  for	  the	  [2H3]	  –	  IPMP,	  ions	  140	  and	  127	  were	  monitored,	  with	  ion	  140	  being	  used	  as	  the	  quantifying	  ion	  while	  127	  was	  the	  qualifying	  ion.	  For	  SBMP,	  the	  selected	  mass	  channels	  were	  m/z	  124	  and	  94,	  while	   for	   [2H3]	  –	  SBMP	  mass	  channels	  m/z	  	  141	  and	  127	  were	  monitored.	  Ions	  124	  and	  141	  were	  used	  for	  quantitation,	  while	  94	  and	  127	  were	  qualifying	  ions.	  	  The	  selected	  mass	  channels	  for	  IBMP	  were	  m/z	  124	  and	  81	  and	  for	  [2H3]	  –	  IBMP	  they	  were	  127	  and	  154.	  Ions	  124	  and	  127	  were	  used	  as	  quantifying	  ions	  while	  81	  and	  154	  were	  qualifying	   ions.	  For	  DMMP	  the	  mass	  channels	  were	  m/z	  123	  and	   109	   and	   ion	   123	  was	   used	   for	   quantification	  while	   109	  was	   used	   as	   qualifying	   ion.	  Recovery	   and	   resolution	   of	   [2H3]	   –	   DMMP	  was	   no	   satisfactory,	   so	   DMMP	  was	   quantified	  using	  [2H3]	  –	  IBMP,	  as	  above.	  The	  MS	  was	  operated	  in	  total	  ion	  chromatogram	  mode	  (TIC),	  with	  a	  gain	  factor	  of	  7.	  	  
Each	  sample	  was	  extracted	  using	  a	  Gerstel	  (Gerstel,	  Baltimore,	  MA,	  USA)	  automated	  sampler	   equipped	   with	   a	   Solid	   Phase	   Micro-­‐Extraction	   (SPME)	   syringe.	   After	   5	   min	   of	  equilibration	  time	  the	  DVB/Carboxen/PDMS	  Stable	  Flex	  fiber	  (Supelco,	  Bellefont,	  PA,	  USA)	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was	  exposed	  to	  the	  headspace	  of	  each	  vial	  for	  a	  20	  min	  extraction,	  at	  40°C	  and	  with	  stirring	  at	  600	  rpm.	   Injections	  were	  done	   in	  splitless	  mode,	  with	  a	  5	  min	  desorption	  time.	  A	  pre-­‐bakeout	  time	  of	  5	  min	  and	  a	  10-­‐min	  post-­‐bakeout	  time	  at	  250°C	  were	  used.	  
Data	  analysis	  and	  compound	  identification	  
MS	   data	   was	   analyzed	   using	   Chemstation	   5	   software	   (Agilent	   Technologies	   Inc,	  USA),	  olfactometry	  data	  was	  analyzed	  using	   the	  DATU	  software	   (DATU,	  Geneva,	  NY	  USA)	  and	   statistical	   analyses	   were	   performed	   using	   XLSTAT	   version	   7.5.2	   (Addinsoft,	   40,	   rue	  Damremont,	  75018	  Paris,	  France).	  	  Chi	  square	  tests	  were	  performed	  for	  the	  FD	  data,	  with	  a	  significance	   level	   p=0.05.	   Analysis	   of	   variance	   (ANOVA)	   was	   performed	   on	   MPs	  concentration	  data	   and	  MP	   treatment	   contribution	  data	   and	  when	   	   p<0.05	   	  Tukey's	  HSD	  was	  used	  as	  the	  mean	  separation	  test.	  
Tentative	  identifications	  of	  MPs	  in	  the	  GCO-­‐MS	  study	  was	  carried	  out	  by	  comparison	  of	   the	  RTs	  and	  RIs	  of	   the	  odor	  events	  associated	  with	  LBT	   to	   those	  generated	  by	   the	  MP	  standards.	   The	   RTs,	   RIs	   and	   odor	   descriptors	   generated	   in	   the	   present	   study	   as	  well	   as	  previously	  published	  odor	  descriptors	  for	  DMMP,	  IPMP,	  SBMP	  and	  IBMP	  are	  presented	  in	  Table	  4.1.	  As	  expected,	  the	  odor	  descriptors	  used	  by	  the	  assessors	  in	  this	  study	  are	  similar	  to	  or	  the	  same	  as	  previously	  published	  descriptors	  for	  the	  respective	  MPs.	  
	  76	  
Table 4. 1 Retention times, retention indexes and odor descriptors of methoxypyrazines in 





Odor Descriptorsb Published Odor 
Descriptorsc 
Dimethyl-methoxypyrazine 11.7 1097 Earthy, musty, vegetal/dead leaves and 
flowers 
Mouldy, earthy 1
Isopropyl-methoxypyrazine 12.9 1131 Green/herbaceous, green bean canned, 
musty, bell pepper, asparagus 
Peanut, potato, peas, earthy, 
green bell pepper 1,2
Secbutyl-methoxypyrazine 15.5 1203 
Bell pepper, mushroom fresh, 
vegetal/dead leaves and flowers, 
asparagus, peanuts, green/herbaceous 
Nutty, potato, peanut, green, 
herbaceous, earthy 1,3
Isobutyl-methoxypyrazine 15.8 1211 Vegetal/dead leaves and flowers, bell 
pepper 
Potato, peanuts, earthy, green 
bell pepper 1,4
a. Retention time and retention index on HP5MS column
b. Odor descriptors generated by our panel of assessors
c. Previously published descriptors
1 Cai and others, 2005
2. odor descriptors  as found on the Ferobase wwebsite (www.pherobase.com )
3. odor descriptors as found on the Kovats website  (www.kovats.org )
4 odor descriptor as found on the Flavoret website ( www.flavornet.org )
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Results	  and	  Discussion	  
GC-­‐O-­‐MS	  
Our	   first	   hypothesis	   was	   that	   for	   the	   MALB	   and	   7	   Spot	   treatments,	   the	   FD	   for	  methoxypyrazines	   will	   be	   significantly	   higher	   than	   the	   FD	   of	   the	   same	   compounds	   in	  control	  wines.	  	  The	  results	  are	  presented	  in	  Table	  4.2.	  
Table 4. 2 Frequency of detection of methoxypyrazines in Vidal and Cabernet sauvignon 
wines thorough Gas Cromatography - Olfactometry analysis 
Compound 
Frequency of detection (%) Frequency of detection (%) 








17 8 8 17 17 0 
Isopropyl-
methoxypyrazine 
92 92 100 58 67 58 
Secbutyl-
methoxypyrazine 
25 33 17 8 25 17 
Isobutyl-
methoxypyrazine 
75 75 83 83 75 83 
aThe frequency of detection (FD) was calculated as number of times all assessors reported an odor event, 
divided by the total number of runs and multiplied by 100.  
bNumber of assessors = 6, number of observations = 12 for each individual treatment. 
No	  significant	  differences	  were	  found	  between	  the	  FDs	  in	  MALB,	  7	  Spot	  and	  control	  wines,	  for	  either	  Vidal	  or	  Cabernet	  sauvignon	  wines	  (p	  (X2)>0.05).	  This	  was	  an	  unexpected	  result,	   as	   we	   expected	   FDs	   to	   be	   higher	   in	   MALB	   and	   7	   Spot	   wines,	   due	   to	   the	   prior	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association	  of	  LBT	  with	   increased	   levels	  of	  MPs,	  particularly	   IPMP	  (Pickering	  and	  others,	  2005;	   Pickering	   and	   others,	   2008;	   Pickering	   and	   others,	   2008b;).	   	   Given	   the	   high	   odor	  activity	  of	  these	  compounds	  and	  their	  very	  low	  detection	  thresholds:	  100	  ng/L	  in	  water	  for	  DMMP	  (Mihara	  and	  others,	  1998),	  0.3	  –	  2	  ng/L	   for	   IPMP	   in	  wine	   (Maga,	  1989;	  Pickering	  and	  others,	  2007),	  16	  ng/L	  in	  wine	  and	  0.002	  ng/L	  in	  air	  for	  IBMP	  (Sala	  and	  others,	  2004)	  and	  1-­‐2	  ng/L	   	   in	  water	  for	  SBMP	  (Sala	  and	  others,	  2004)	  and	  as	  the	  assessors	  didn't	  rate	  the	  intensity	  of	  the	  odors,	  this	  result	  may	  be	  accounted	  for	  if	  the	  MPs	  are	  in	  fact	  present	  in	  all	  the	  wines	  assessed.	  This	  hypothesis	  is	  tested	  below.	  
MD-­‐GC-­‐MS	  analysis	  
The	  concentrations	  of	  DMMP,	  IPMP,	  SBMP	  and	  IBMP	  in	  control	  and	  treatment	  wines	  are	  presented	  in	  Table	  4.3.	  Each	  treatment	  was	  analyzed	  in	  triplicate	  using	  MD-­‐GC-­‐MS,	  and	  the	  values	  presented	  are	  the	  means.	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Table 4. 3 Concentrations of dimethyl-methoxypyrazine, isopropyl-methoxypyrazine, 
secbutyl-methoxypyrazine and isobutyl-methoxypyrazine in control, MALB and 7 Spot 










Vidal control 13.7b ± 1.3 3.4b ± 0.2 8.0b ± 0.7 6.2b ± 0.7 
Vidal MALB 16.5a ± 1.8 9.6a ± 0.8 14.8a ± 0.6 6.8b ± 0.8 
Vidal 7 Spot 15.8a,b ± 1.4 8.5a ± 0.7 9.5b ± 0.7 13.6a ± 1.3 
Cabernet sauvignon 
control 
36.0b ± 0.5 12.8c ± 1.5 6.2c ± 0.6 25.7b ± 1.6 
Cabernet sauvignon 
MALB 
43.0a ± 0.9 18.2b ± 1.7 24.1a ± 1.0 28.1b ± 0.6 
Cabernet sauvignon 
7 Spot 
41.4a ± 1.1 40.8a ± 3.0 11.2b ± 0.1 34.3a ± 3.1 
aAnalysis of variance ANOVA was used to determine statistical differences between values, with a 
significance value p=0.05. 
bFor p <0.05, Tukey's HSD was used as the mean separation test; for each compound and each wine, means 
with the same letter do not differ significantly between treatments 
All	   four	   methoxypyrazines	   were	   detected	   in	   all	   wines,	   which	   explains	   their	  olfactometric	   detection	   in	   control	   as	   well	   as	   treatment	   wines.	   However,	   there	   are	  significant	  variations	  in	  their	  concentrations	  between	  treatments.	  Both	  Vidal	  and	  Cabernet	  sauvignon	   MALB	   wines	   contain	   significantly	   higher	   concentrations	   of	   DMMP	   than	   their	  controls,	   and	   levels	   are	   also	   higher	   in	   the	   7	   Spot	   Cabernet	   sauvignon	   wine	   than	   in	   the	  control.	  To	  our	  knowledge,	   this	   is	   the	   first	   time	   the	  presence	  of	  DMMP	   in	  wine	  has	  been	  reported.	   It	   appears	   to	   be	   both	   grape-­‐	   and	   Coccinellidae-­‐	   derived,	   the	   latter	   finding	  consistent	   with	   Cai	   and	   others	   (Cai	   and	   others,	   2007),	   who	   reported	   that	   DMMP	   was	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present	  in	  MALB	  haemolymph	  and	  was	  a	  component	  as	  the	  insect's	  characteristic	  odor.	  Its	  significance	   as	   a	   potential	   odor-­‐active	   compound	   in	   juice	   and	   wine	   that	   has	   not	   been	  affected	  by	  Coccinellidae	  is	  not	  known.	  Establishing	  the	  human	  odor	  detection	  threshold	  in	  these	  matrices	  would	  be	  beneficial.	  
IPMP	  concentrations	  are	  higher	  in	  treatment	  wines	  (MALB	  and	  7	  Spot)	  than	  in	  their	  controls	  for	  both	  varietals,	  consistent	  with	  the	  findings	  of	  Pickering	  and	  others	  (2005,2008,	  2008b)	  with	  MALB.	  	  In	  the	  current	  study,	  IPMP	  concentrations	  in	  Cabernet	  sauvignon	  	  are	  significantly	  higher	  in	  the	  7	  Spot	  treatment	  than	  in	  both	  the	  control	  and	  the	  MALB	  wines.	  This	  result	  agrees	  with	  the	  findings	  of	  Al	  Abassi	  and	  others	  (1998)	  who	  reported	  that	  IPMP	  is	   responsible	   for	   the	   characteristic	   odor	   of	   7	   Spot.	   However,	   Cudjoe	   and	   others	   (2005)	  reported	  that	  lower	  concentrations	  of	  IPMP	  were	  extracted	  from	  7	  Spot	  beetles	  than	  from	  MALB.	   This	   inconsistency	   may	   be	   due	   to	   the	   different	   analytical	   techniques	   involved	  and/or	   to	   procedural	   differences	   in	   the	   experiments.	   For	   instance,	   Cudjoe	   and	   others	  (2005)	  used	  frozen	  and	  subsequently	  thawed	  beetles,	  and	  did	  not	  asses	  the	  MPs	  in	  a	  wine	  matrix.	  
For	   SBMP,	   higher	   concentrations	   are	   observed	   in	   MALB-­‐affected	   wines	   than	   in	   7	  Spot	  or	  control	  wines	  for	  both	  varietals.	  These	  findings	  are	  in	  partial	  agreement	  with	  Ross	  and	  others	  (2010),	  who	  detected	  SBMP	  in	  MALB-­‐treated	  Niagara	  juice,	  but	  not	  in	  untreated	  juice.	  The	  results	  from	  the	  current	  study	  suggest	  a	  possible	  role	  for	  SBMP	  in	  MALB-­‐tainted	  wine,	  as	  the	  human	  sensory	  threshold	  for	  this	  compound	  (in	  water)	  is	  1-­‐2	  ng/L	  (Sala	  and	  others,	  2004).	   	  However,	  it	  is	  unclear	  if	  SBMP	  is	  an	  important	  component	  of	  7	  Spot	  wines;	  concentrations	  are	  higher	  than	  in	  control	  wines	  for	  Cabernet	  sauvignon,	  but	  not	  for	  Vidal.	  These	  considerations	  are	  examined	  further	  in	  the	  AEDA	  below.	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IBMP	  was	  significantly	  higher	  in	  7	  Spot	  wines	  for	  both	  Vidal	  and	  Cabernet	  sauvignon	  than	   in	   their	   respective	   controls.	   By	   contrast,	   IBMP	   does	   not	   appear	   characteristic	   of	  MALB-­‐tainted	   wines,	   consistent	   with	   Pickering	   and	   others	   (2005),	   in	   wine,	   and	   Cai	   and	  others	  (2007)	  in	  live	  beetles.	  
Figure	  4.1	  summarizes	  the	  contribution	  of	  each	  beetle	  to	  the	  MP	  composition	  of	  the	  wines.	  MP	  concentration	  is	  higher	  in	  Cabernet	  sauvignon	  wines	  compared	  to	  Vidal	  in	  7	  of	  the	  8	   conditions	   (4	   compounds	  x	  2	  beetle	   species).	  This	   is	   likely	  due	   to	   the	  much	   longer	  period	  in	  which	  beetles	  are	  in	  contact	  with	  the	  must	  during	  red	  winemaking,	  giving	  more	  time	  for	  extraction	  of	  MPs.	  Additionally,	  this	  is	  occurring	  in	  a	  matrix	  of	  increasing	  ethanol	  concentration,	   which	   may	   allow	   for	   greater	   extraction	   and/or	   retention	   of	   these	  compounds.	  This	  result	  highlights	  the	  importance	  of	  removing	  Coccinellidae	  from	  infested	  grapes/must	  as	  early	  as	  possible	  during	  wine	  processing	  operations.	  MALB	  appears	  to	  be	  consistently	   contributing	  more	  DMMP	  and	  SBMP	   to	   the	  wines	   than	  7	  Spot	  beetles.	  Given	  the	  significantly	  higher	  levels	  of	  IBMP	  in	  both	  7	  Spot	  wines,	  this	  compound,	  or	  its	  ratio	  to	  the	  other	  MPs,	  may	  be	  useful	  in	  chemically	  diagnosing	  wines	  suspected	  of	  being	  tainted	  by	  7	  Spot.	  Interestingly,	  despite	  these	  differences	  in	  the	  MP	  composition	  of	  wines	  made	  from	  these	  different	  Coccinellidae	  species,	  the	  data	  from	  Botezatu	  and	  Pickering	  (2010)	  suggest	  that	  they	  elicit	  similar	  sensory	  profiles.	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Figure	  4-­‐	  1	  Contributions of Harmonia axyridis (MALB) and Coccinella septempunctata  (7 Spot) beetles to 2,5-dimethyl-3-
methoxypyrazine (DMMP), isopropyl methoxypyrazine (IPMP), secbutyl methoxypyrazine (SBMP) and isobutyl 
methoxypyrazine (IBMP)  concentrations (ng/L)	  
Aroma	  Extract	  Dilution	  Analysis	  




















Harmonia	  axyridis	  Cabernet	  	  Sauvignon	  Harmonia	  axyridis	  Vidal	  Coccinella	  septempunctata	  Cabernet	  Sauvignon	  Coccinella	  septempunctata	  Vidal	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Two	  retention	  zones	  generated	  LBT	  related	  descriptors:	  min.	  12.6	  to	  min.	  12.9	  and	  min	   15.4	   to	   min.	   16.0,	   corresponding	   to	   IPMP	   and	   SBMP/IBMP,	   respectively.	   No	   other	  green	  descriptors	  were	  reported	  in	  the	  treatment	  wines	  at	  this	  dilution,	  indicating	  that	  the	  most	   odor	   active	   compounds	   in	   LBT	   tainted	  wines	   are	   those	   eluting	   at	   these	   times.	   The	  dominant	   role	  of	   IPMP	   in	  LBT	  suggested	  by	   this	  data	   is	   consistent	  with	   the	  olfactometry	  results	  of	  Cai	  and	  others	  (2007)	  who	  reported	  that	  IPMP	  elicited	  the	  highest	  odor	  intensity	  of	  all	  the	  MPs	  identified	  in	  live	  MALB.	  
DMMP	   was	   not	   detected	   in	   the	   diluted	   wines,	   despite	   being	   present	   at	   a	   higher	  concentration	   than	   the	   other	   3	  MPs	   in	   all	  wines	   (Table	   4.4).	   Likely	   this	   is	   due	   to	  DMMP	  having	  a	  higher	  sensory	  threshold,	  consistent	  with	  the	  results	  obtained	  in	  a	  water	  matrix	  (Mihara	  and	  others,	  1998).	   	  Finally,	  we	   find	  no	  evidence	  that	  compounds	  other	   than	  MPs	  are	  a	  significant	  contributor	  to	  LBT	  in	  either	  Coccinellidae	  species,	  also	  in	  accord	  with	  the	  findings	  of	  Cai	  and	  others	  (2007)	  on	  MALB.	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Table 4. 4 Frequency of detection of LBT related descriptors in Cabernet sauvignon MALB 
















Descriptors used Potential causal compound 
11.3-11.9 0 0 0 - Dimethyl methoxypyrazine 
12.6-12.9 0 100 83 Green/herbaceous, bell pepper, earthy, peanuts 
Isopropyl 
methoxypyrazine 
15.4-16.0 0 25 50 
Green/herbaceous, bell 






aThe frequency of detection (FD) is reported as number of times all assessors reported an odor event, 
divided by the total number of runs and multiplied by 100.  
bData generated by 2 assessors evaluating each wine in triplicate 
Conclusions	  
This	   is	   the	   first	   time	   the	   presence	   of	   DMMP	   in	   wine	   has	   been	   reported,	   both	   as	  putatively	  grape-­‐	  and	  insect-­‐derived.	  Further	  studies	  with	  regards	  to	  origin,	  synthesis	  and	  impact	  of	   indigenous	  DMMP	   in	  wine	  would	  be	  beneficial,	   and	  would	  assist	   in	   confirming	  the	   initial	   findings	   reported	   here.	   Such	   work	   should	   establish	   the	   prevalence	   of	   the	  compound	  in	  various	  grape/wine	  varieties	  and	  styles,	  and	  its	  human	  sensory	  threshold	  and	  organoleptic	  significance	  in	  juice	  and	  wine.	  
Coccinellidae	   contribute	   all	   four	   alkyl-­‐methoxypyrazines	   examined	   here	   to	   wine	  when	  the	  beetles	  are	  processed	  with	  wine	  grapes,	  although	  the	  subsequent	  MP	  profiles	  in	  finished	  wines	  vary	  between	  7	  Spot	  and	  MALB.	  Our	  data	   confirms	   that	   IPMP	   is	   the	  most	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important	  contributor	   to	  LBT	   in	  wines	  produced	  by	   these	  Coccinellidae	  species,	  although	  SBMP	   and	   IBMP	   may	   play	   supporting	   roles	   in	   MALB-­‐	   and	   7	   Spot-­‐	   affected	   wines,	  respectively.	   These	   results	   should	   assist	   in	   the	   development	   and	   application	   of	  interventions	  to	  reduce	  LBT	  in	  wine.	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CHAPTER	  5	  -­‐	  DETERMINATION	  OF	  ORTHO-­‐	  AND	  RETRONASAL	  
DETECTION	  THRESHOLDS	  AND	  ODOR	  IMPACT	  OF	  	  2,5	  -­‐	  DIMETHYL	  -­‐	  3	  -­‐	  
METHOXYPYRAZINE	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  WINE	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Introduction	  
Methoxypyrazines	   are	   aroma-­‐active	   compounds	   found	   in	   a	   variety	   of	   vegetables,	  nuts	   (bell	   pepper,	   beets,	   asparagus,	   peanuts)	   (Boubee	   and	   others,	   2000;	   Buchbauer	   and	  others,	   2000;	   Sala	   and	   others,	   2002)	   and	   spices	   (black	   and	   white	   pepper)	   (Jagella	   and	  Grosch,	  1999).	  They	  are	  also	  constituents	  of	  several	  grape	  and	  wine	  varietals;	   for	  certain	  varietals	  such	  as	  Sauvignon	  blanc	  and	  Cabernet	  sauvignon	  they	  can	  play	  an	  important	  and	  expected	  role	  in	  their	  aroma	  profiles	  at	  low	  concentrations	  	  (Allen	  and	  Lacey	  1998),	  while	  at	  higher	  concentrations	  they	  may	  lead	  to	  unpleasant	  green	  characters.	  .	  These	  compounds	  have	  also	  been	   linked	  to	   ladybug	  taint	  (LBT),	  a	  wine	   fault	  caused	  by	  the	   incorporation	  of	  Coccinellidae	   beetles	   in	   the	   winemaking	   process	   (Pickering	   and	   others,	   2004).	  Cocccinellidae	   secrete	   haemolymph,	   which	   contains	   methoxypyrazines.	   Four	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methoxypyrazines	   have	   been	   identified	   in	   Coccinellidae	   haemolymph:	   isobutyl	  methoxypyrazine	   (IBMP),	   isopropyl	   methoxypyrazine	   (IPMP),	   secbutyl	   methoxypyrazine	  (SBMP)	  and	  2,5-­‐dimethyl-­‐3-­‐methoxypyrazine	  (DMMP)	  	  (Cudjoe	  and	  others,	  2005;	  Cai	  and	  others,	  2007).	  
Until	  recently,	  only	  IBMP,	  IPMP	  and	  SBMP	  have	  been	  reported	  as	  grape-­‐derived	  MPs	  in	   grapes	   and	   wines.	   Recently,	   Botezatu	   and	   others	   (2012a)	   reported	   the	   presence	   of	  DMMP	  in	  both	  wines	  affected	  by	  ladybug	  taint	  as	  well	  as	  non-­‐tainted	  Cabernet	  sauvignon	  and	  Vidal	  wines.	  Furthermore,	  a	  second	  study	  determined	  methoxypyrazine	  concentrations	  in	   ten	   wine	   varietals	   from	   various	   countries	   and	   vintages,	   and	   found	   DMMP	   in	   several	  varietal	  wines	  at	  concentrations	  between	  13	  and	  140	  ng/L	  (Botezatu	  and	  others,	  2012b).	  DMMP	  concentrations	  were	  higher	   in	  red	  wines,	  up	  to	  140	  ng/L	  in	  Merlot.	   	  There	   is	  very	  limited	  information	  on	  the	  sensory	  characteristics	  of	  DMMP	  in	  general	  and	  on	  its	  detection	  threshold.	  Cai	  and	  others	   (2007)	  associated	  DMMP	  with	  descriptors	  such	  as	   “moldy”	  and	  “earthy”,	  while	  Jagella	  and	  Grosch	  (1999)	  described	  the	  odor	  of	  DMMP	  in	  black	  and	  white	  pepper	   using	   gas-­‐chromatography-­‐olfactometry	   as	   “earthy”	   and	   “cocoa-­‐like”.	   Finally,	   a	  study	  by	  Mihara	  and	  others	  (1998)	  reported	  the	  detection	  threshold	  for	  DMMP	  in	  water	  as	  100	  ng/L.	  The	  latter	  study	  used	  the	  “two	  out	  of	  five”	  sensory	  method	  (where	  two	  samples	  out	   of	   five	   are	   the	   same)	   to	   establish	   the	   orthonasal	   detection	   threshold;	   a	   second	  descriptive	   trial	   within	   the	   same	   study	   characterized	   	   DMMP	   as	   “nutty”,”	   roasty”	   and	  “chocolate	  like”.	  These	  descriptors	  were	  generated	  using	  DMMP	  in	  water	  at	  concentrations	  10-­‐100	  times	  higher	  than	  the	  detection	  threshold.	  	  
No	   information	   is	   available	   in	   regards	   to	  DMMP	  detection	   thresholds	   in	  wine	   nor	  what	  contribution	  it	  makes	  to	  wine	  aroma	  or	  flavour.	  Therefore,	  the	  present	  study	  seeks	  to	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determine	  both	  the	  ortho-­‐	  and	  retronasal	  detection	  threshold	  for	  DMMP	  in	  red	  wine	  and	  to	  sensorially	  characterize	  red	  wines	  containing	  different	  concentrations	  of	  DMMP.	  	  	  
Materials	  and	  Methods	  
Sample	   selection	   and	   preparation.	   A	   commercial	   proprietary	   blended	   red	  wine	  containing	  no	  detectable	  levels	  of	  grape-­‐derived	  DMMP	  was	  used	  as	  the	  base/control	  wine	  for	   these	   studies.	   DMMP	   concentration	   was	   determined	   using	   Multi-­‐Dimensional	   Gas	  Chromatography	  Mass	  Spectrometry	  (MD-­‐GC-­‐MS).	  The	  analytical	  method	  used	  deuterated	  IBMP	  as	   internal	   standard,	   the	   calibration	   curve	  had	   good	   linearity	   (R2	  =	  0.993)	   and	   the	  limit	  of	  detection	   for	  DMMP	  was	  5	  ng/L	   (Botezatu	  and	  others,	  2013).	  The	  basic	  physico-­‐chemical	  composition	  of	  the	  base	  wine	  and	  corresponding	  methods	  used	  for	  determination	  are	  given	  in	  Table	  5.1.	  In	  addition	  to	  a	  non-­‐detectable	  DMMP	  concentration,	  this	  wine	  was	  also	  selected	  because	  of	   its	  neutral,	  relatively	  low-­‐intensity	  aroma,	  as	  assessed	  informally	  by	  the	  authors.	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Table 5. 1  Physico-chemical parameters of the commercial red wine blend used as base 
wine for 2,5 – dimethyl - 3 - methoxypyrazine (DMMP) sensory studies 
Parameter Value ± Standard Deviation Method 
Ethanol 12% vol ± 0.1 Ebulliometry a
Titratable acidity (TA) 4.9 g/L ± 0.05 NaOH titration a
Free SO2 40 mg/L ± 0.8 Aspiration a
pH 3.5 ± 0.02 pH meter a
Residual sugar (RS) 1.3 g/L ± 0.04 Enzyme kit b
Dimethyl 
methoxypyrazine 
<5 ng/L MD-GC-MS c
Volatile acidity (VA) 0.413 g/L ± 0.014 Enzyme kit d 
Total polyphenols 59.3 a.u. ± 3.2 Spectrophotometry a 
the values reported are the arithmetic means of duplicate measurements for each parameter 
a – methods as described by Illand (1988)
b– enzyme kit from Megazyme International Ireland Ltd
c – as per Botezatu and others (2013, under review)
d – Enzyme kit K-ACET from Megazyme Intl Ireland Ltd.
Pure	  DMMP	  and	  deuterated	   IBMP	  were	   synthesized	   at	  Brock	  University	   following	  the	  protocols	  detailed	  by	  Kotseridis	  and	  others	  (2008)	  and	  Czerny	  and	  Grosch	  (2000).	   	  A	  stock	   solution	  of	  DMMP	  (1	  mg/L)	  was	  prepared	   in	  HPLC	  grade	  methanol	   (>99.9%)	   from	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Sigma	   Aldrich	   (MO,	   USA).	   This	   was	   further	   diluted	   with	   purified	   water	   (Milli-­‐RO®;	  Millipore,	  Bedford,	  Mass.,	  U.S.A.)	   to	  prepare	   a	  working	   solution	  of	  50	  µg/L.	  This	   solution	  was	  used	  to	  spike	  the	  wine	  with	  known	  concentrations	  of	  DMMP.	  	  
Bench-­‐testing	  was	   carried	   out	   by	   a	   group	  of	   five	   students	   and	   staff	   from	   the	  Cool	  Climate	   Oenology	   and	   Viticulture	   Institute	   (CCOVI)	   to	   determine	   the	   most	   appropriate	  range	  of	  DMMP	  concentrations	   for	  Study	  1.	  Samples	  containing	  various	  concentrations	  of	  DMMP	  were	  presented	  blind	  to	  the	  assessors,	  and	  based	  on	  their	  results	  and	  comments	  the	  DMMP	   concentration	   series	  was	   determined.	   The	   concentration	   series	  was:	   25,	   50,	   100,	  200	   and	   400	   ng/L	   DMMP.	   For	   the	   detection	   threshold	   determination	   sessions,	   all	   wine	  samples	   were	   prepared	   fresh	   one	   hour	   prior	   to	   evaluation	   to	   allow	   for	   equilibration.	  Samples	  consisted	  of	  25	  mL	  of	  wine	  presented	  in	  ISO	  glasses,	  covered	  with	  plastic	  caps	  and	  coded	  with	  random	  three-­‐digit	  numbers.	  Samples	  were	  presented	  in	  a	  Randomized	  Block	  Design.	  
Sensory	  methodology	  
Detection	  Threshold	  Study	  
The	  method	   employed	   for	   detection	   threshold	   determinations	   was	   the	   ascending	  forced	   choice	  method	   of	   limits	   (ASTM	   E	   679	   2004)	   that	   facilitates	   an	   accurate	   and	   fast	  determination	   of	   group	   thresholds	   using	   a	   large	   interval	   of	   concentrations.	   A	   total	   of	  twenty-­‐one	   assessors	  were	   recruited	   (eight	  males,	   13	   females,	   age	   range	   22	   to	   54	   years	  old)	  from	  the	  students	  and	  staff	  at	  CCOVI.	  	  Assessors	  were	  free	  of	  sinus	  and	  oral	  disease.	  All	  assessors	   signed	   an	   Information	   Consent	   Form	   and	   completed	   a	   demographics	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questionnaire.	  The	  project	  had	  clearance	  from	  the	  Brock	  University	  Research	  Ethics	  Board	  (file	  #11-­‐158).	  	  
Evaluations	  took	  place	  in	  the	  Sensory	  Lab	  at	  CCOVI	  in	  individual	  booths,	  at	  ambient	  room	   temperature	   and	   under	   red	   lighting.	   Twenty	   one	   assessors	   were	   available	   for	   the	  orthonasal	  testing	  and	  18	  for	  the	  retronasal	  sessions.	  The	  wines	  were	  organized	  in	  five	  sets	  of	  three	  samples	  (one	  flight)	  for	  each	  session.	  Each	  flight	  contained	  two	  control	  wines	  with	  no	  added	  DMMP	  and	  a	  spiked	  sample.	  The	  flights	  were	  presented	  in	  an	  ascending	  series	  of	  DMMP	  concentrations,	  from	  the	  lowest	  in	  the	  first	  flight	  to	  the	  highest	  in	  the	  last	  flight.	  The	  samples	  within	  each	  flight	  were	  presented	  in	  randomized	  order.	  
For	  the	  orthonasal	  evaluations,	  assessors	  were	  instructed	  to	  smell	  each	  of	  the	  wines	  within	  one	   flight	   in	   the	  order	  given,	  and	  record	  the	  sample	   that	  was	  different	  on	  a	  paper	  ballot	   by	   circling	   the	   corresponding	   sample	   code.	   A	  minimum	   break	   of	   one	  minute	  was	  enforced	  between	  flights	  and	  a	  minimum	  30	  minute	  break	  between	  duplicate	  evaluations	  was	  observed.	  	  Assessors	  performed	  no	  more	  than	  two	  evaluation	  sessions	  per	  day.	  
For	  the	  retronasal	  evaluations	  the	  assessors	  were	  asked	  to	  taste	  each	  wine	  within	  a	  flight	  without	  smelling	  it	  first,	  expectorate,	  and,	  after	  evaluating	  all	  three	  samples	  within	  a	  flight,	  choose	  the	  one	  they	  considered	  different.	  Assessors	  were	  instructed	  to	  rinse	  with	  a	  pectin	  solution	  in	  order	  to	  decrease	  the	  likelihood	  of	  astringency	  carryover	  effects	  (Collona	  and	  others,	  2004)	  and	  then	  with	  filtered	  water	  after	  each	  flight.	  A	  minimum	  break	  of	  three	  minutes	   was	   enforced	   between	   flights,	   and	   a	   minimum	   one	   hour	   break	   was	   observed	  between	  duplicate	  sessions.	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Retesting	  and	  data	  analysis
Assessors	  who	  missed	   the	   highest	   concentration	  were	   retested	   during	   a	   different	  session	   with	   wines	   containing	   higher	   concentrations	   of	   DMMP.	   	   For	   assessors	   who	  correctly	   identified	   the	   lowest	  concentration,	   further	   testing	  was	  carried	  out	  using	  wines	  with	   lower	   DMMP	   concentrations.	   Testing	   was	   carried	   out	   until	   consistent	   results	   were	  observed	   for	   each	   assessor	   (duplicate	   measurements	   less	   than	   two	   concentration	   steps	  apart).	  The	  final	  range	  of	  concentrations	  used	  was	  12.5	  –	  1600	  ng/L.	  The	  same	  geometric	  step	   factor	  of	   two	  was	  used	   for	  all	   concentrations	  used	  during	  retesting.	   Individual	  BETs	  were	  calculated	  as	   the	  geometric	  mean	  of	   the	  highest	   concentration	  missed	  and	   the	  next	  higher	  concentration,	  when	  this	  was	  followed	  by	  at	  least	  two	  correct	  responses	  (per	  ASTM	  E	  679	  2004).	  The	  arithmetic	  average	  of	  the	  two	  replicate	  individual	  BETs	  was	  calculated	  for	  each	  assessor	  and	  recorded	  as	   the	   final	   individual	  BET.	  The	  group	  BET	  was	  calculated	  as	  the	  geometric	  mean	  of	  all	  final	  individual	  BETs.	  	  
Descriptive	  sensory	  study	  
For	  this	  study,	  intensity	  ratings	  of	  seven	  attributes	  were	  recorded	  by	  eight	  assessors	  for	  three	  red	  wines	  with	  varying	  concentrations	  of	  DMMP,	  and	  the	  results	  were	  compared.	  A	   bench-­‐test	   trial	   was	   performed	   with	   five	   senior	   members	   of	   CCOVI	   proficient	   in	   the	  sensory	  evaluation	  of	  wine.	  They	  were	  asked	  to	  smell	  samples	  of	  red	  wine	  with	  or	  without	  added	  DMMP	  (0	  ng/L,	  50	  ng/L	  and	  120	  ng/L)	  and	  to	  generate	  aroma	  descriptors	  that	  best	  characterized	  the	  samples.	  From	  the	  descriptors	  suggested	  a	  final	  list	  of	  seven	  was	  created	  by	  choosing	  terms	  that	  appeared	  with	  a	  higher	   frequency	  and	  eliminating	  redundant	  and	  overlapping	   terms,	   or	   terms	   used	   by	   one	   assessor	   only.	   The	   terms	   on	   the	   list	  were:	   red	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berry,	  cherry,	  earthy/musty,	  mineral/metallic,	  green/vegetal,	   irritation	  and	  overall	  aroma	  balance.	   Following	   this,	   a	   subset	   of	   eight	   assessors	   from	   the	   21	   that	   completed	   the	  orthonasal	  detection	  threshold	  determination	  study	  was	  chosen	  to	  perform	  the	  descriptive	  trial.	   The	   assessors	   were	   selected	   based	   on	   their	   relatively	   high	   sensitivity	   to	   DMMP	  (orthonasal	  DMMP	  BETs	  of	  17.7	  -­‐	  53	  ng/L),	  as	  we	  expected	  this	  might	  translate	  into	  greater	  acuity	  at	  differentiating	  between	  samples	  in	  the	  current	  study.	  	  
The	   sensory	   evaluation	   took	   place	   in	   the	   Sensory	   Lab	   at	   CCOVI.	   The	   same	  commercial	  proprietary	  red	  wine	  blend	  as	  described	  above	  was	  used.	  A	  set	  of	  three	  wines,	  containing	  a	  control	  wine	  (no	  added	  DMMP),	  a	  50	  ng/L	  DMMP	  spiked	  wine	  and	  a	  120	  ng/L	  DMMP	  spiked	  wine	  was	  presented	  to	  each	  assessor.	   	  The	   lowest	  concentration	  (50	  ng/L)	  was	  chosen	  as	  anecdotal	  comments	  by	  some	  assessors	  from	  Study	  1	  suggested	  a	  potential	  positive	   impact	   on	   wine	   aroma	   at	   this	   level.	   The	   higher	   concentration	   was	   chosen	   as	  representative	  of	   the	  upper	  end	  of	  DMMP	  concentrations	   found	   in	  commercial	   red	  wines	  (Botezatu	  and	  others,	  2012b).	   Samples	   consisted	  of	  25	  ml	  of	   each	  wine	  presented	   in	   ISO	  glasses	  covered	  with	  plastic	  caps	  and	  labeled	  with	  random	  three-­‐digit	  codes.	  The	  order	  of	  presentation	  of	  the	  three	  samples	  was	  randomized.	  The	  assessors	  were	  asked	  to	  smell	  each	  sample	  and	  rate	  the	  intensity	  on	  individual	  paper	  ballots	  of	  each	  of	  the	  seven	  descriptors	  using	  15	  cm	  visual	  analog	  scales	  anchored	  with	  the	  terms	  “absent”	  and	  “	  high”	  (red	  berry,	  earthy/musty,	  mineral,	  and	  irritation),	  “absent”	  and	  “very	  high”	  (cherry	  and	  green/vegetal)	  or	   “very	   unbalanced”	   and	   “very	  well	   balanced”	   (overall	   aroma	   balance).	   The	   evaluations	  were	  performed	  in	  triplicate	  by	  each	  assessor.	  A	  minimum	  five	  minute	  break	  was	  enforced	  between	  replicate	  evaluations	  and	  a	  1	  minute	  break	  was	  observed	  between	  wines	  within	  a	  set.	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Two-­‐way	   analysis	   of	   variance	   (wine,	   assessors	   and	  wine*assessor	   as	   independent	  variables)	   (ANOVA),	   (XLSTAT	  version	  7.5.2	   	  Addinsoft,	   40,	   rue	  Damremont,	   75018	  Paris,	  France)	  was	  performed	  to	  test	  for	  differences	  between	  wines	  for	  the	  descriptive	  attributes.	  Evaluation	  replicate	  was	  regarded	  as	  part	  of	  the	  internal	  variation	  in	  the	  design,	  and	  was	  not	  parsed	  out	  as	  an	  independent	  variable	  for	  the	  main	  ANOVA.	  Consistent	  with	  other	  DA	  studies,	   panelists	   were	   a	   significant	   source	   of	   variation	   for	   all	   attributes	   evaluated.	  Wine*assessor	   interactions	   were	   significant	   (p(F)<0.5)	   for	   the	   “mineral/metallic”	  descriptor	  (p(F)	  =	  0.006).	  
Results	  and	  Discussion	  
Detection	  Thresholds	  
The	   group	   BETs	   for	   both	   orthonasal	   and	   retronasal	   evaluations	   are	   presented	   in	  Table	   5.2.	   Figures	   5.1	   and	   5.2	   show	   their	   respective	   distributions	   across	   assessors.	   The	  Group	  BET	  for	  orthonasal	  DMMP	  detection	  was	  estimated	  at	  31.3	  ng/L.	   In	   the	  only	  other	  study	  that	  has	  determined	  DMMP	  thresholds,	  Mihara	  and	  others	  (1998)	  reported	  a	  value	  of	  100	  ng/L	  for	  orthonasal	  assessment	  in	  water.	  The	  relatively	  small	  discrepancy	  between	  the	  findings	  of	  these	  two	  studies	  may	  be	  due	  to	  matrix	  effects	  (i.e.	  wine	  vs	  water)	  and/or	  lower	  sensitivity	   under	   a	   “two	   out	   of	   five”	   evaluation	   paradigm	   due	   to	   greater	   adaptation	   or	  carryover	  effects.	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Table 5. 2 Group Best Estimate Threshold (BET) values for Orthonasal (ON) and 
Retronasal (RN) detection threshold evaluations of 2,5 – dimethyl – 3 – methoxypyrazine 
(DMMP) in red wine. 
ON Detection Threshold RN Detection Threshold 
Group BET (ng/L) 31.3 70.0 
Log10 1.50 1.85 
Standard Deviation Log10 0.22 0.45 
Values calculated for 21 assessors (orthonasal) and 18 assessors (retronasal). Group BETs were calculated as the 
geometric means of individual BETs. 
The	   individual	   BETs	   for	   orthonasal	   assessments	   cover	   a	   relatively	   narrow	  concentration	  interval	  of	  13.2	  to	  88.4	  ng/L.	  The	  highest	  value	  recorded	  (88.4	  ng/L)	  is	  close	  to	  the	  100	  ng/L	  orthonasal	  detection	  threshold	  reported	  by	  Mihara	  and	  others	  (1998)	  for	  DMMP	   in	  water.	  We	   also	   note	   that	   19	   of	   the	   21	   assessors	  were	   able	   to	   detect	  DMMP	   at	  concentrations	   lower	   than	   or	   equal	   to	   53	   ng/L.	   Caution	   should	   be	   applied	   in	   comparing	  data	  between	  threshold	  studies	  that	  use	  different	  methodologies	  (Peng	  and	  others,	  2012).	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Figure	  5-­‐	  1	  Distribution of individual 2,5 – dimethyl – 3 – methoxypyrazine (DMMP) orthonasal detection thresholds in 
red wine. Values were calculated using the best estimate threshold (BET) procedure from ASTM E 679 2004.  GM 
represents the Group Mean BET value (ng/L) 
Figure	  5-­‐	  2	  Distribution of individual 2,5 – dimethyl – 3 – methoxypyrazine (DMMP) retronasal detection thresholds in 
red wine. Values were calculated using the best estimate threshold (BET) procedure from ASTM E 679 2004.  GM 
represents the Group Mean BET value (ng/L).	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The	  retronasal	  group	  BET	  was	  70	  ng/L,	  almost	  double	   the	  value	  of	   the	  orthonasal	  threshold.	  A	  similar	  difference	  between	  orthonasal	  and	  retronasal	  thresholds	  was	  reported	  for	   IPMP	   in	  wine	   (Pickering	  and	  others,	  2007).	  The	  water-­‐to-­‐air	  partition	  coefficient	  of	  a	  volatile	   compound,	   as	   well	   as	   its	   physical	   characteristics,	   play	   an	   important	   role	   in	  mediating	   the	   differences	   between	   orthonasal	   and	   retronasal	   perception	   (Diaz,	   2004).	  Astringency	  and	  the	  higher	  overall	  flavour	  complexity	  of	  red	  wines	  may	  also	  contribute	  to	  these	  differences	  in	  thresholds.	  	  
A	   greater	   variation	   in	   individual	   retronasal	  BETs	   is	   also	   observed,	   as	   they	   ranged	  between	  13.2	  ng/L	  and	  424.3	  ng/L.	  Ten	  of	   the	  18	   individual	  BETs	   are	   equal	   to	  or	   lower	  than	   53	   ng/L,	   while	   eight	   are	   equal	   to	   or	   higher	   than	   106.1	   ng/L,	   supporting	   the	  observation	  that	  individuals	  are	  generally	  less	  sensitive	  to	  DMMP	  in	  this	  modality.	  Greater	  variation	   around	   the	   group	   means	   is	   apparent	   for	   retronasal	   compared	   to	   orthonasal	  thresholds,	   with	   standard	   deviations	   for	   Log10	   (calculated	   for	   group	   BETs)	   of	   0.45	   and	  0.22,	   respectively.	   This	   can	   largely	   be	   attributed	   to	   the	   two	   individuals	  with	   particularly	  high	  thresholds	  for	  the	  retronasal	  assessments	  (282.8	  ng/L	  and	  424.3	  ng/L).	  
Considering	   the	   reported	   values	   for	   DMMP	   concentrations	   in	   commercial	   wines	  (both	  white	  and	  red)	  ranging	  between	  13	  and	  160	  ng/L	  (Botezatu	  and	  others,	  2012a),	  it	  is	  likely	   that	  DMMP	  could	  play	  an	  active	  role	   in	   the	  aroma	  profile	  of	  some	  wines.	  However,	  since	   detection	   threshold	   values	   of	   wine	   aroma	   and	   taste	   compounds	   are	   influenced	   by	  wine	   style	   (Martineau	   and	   others,	   1995),	   further	   work	   is	   needed	   to	   establish	   the	  contribution	  of	  DMMP	  across	  multiple	  varietals	  and	  styles.	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Sensory	  characteristics	  
	   Mean	   intensity	   scores	   for	   the	   seven	   aroma	   attributes	   as	   well	   as	   the	   statistical	  significance	   of	   the	   results,	   as	   determined	   by	   Tukey’s	   Honestly	   Significant	   Test,	   are	  presented	  in	  Figure	  5.3.	  	  	  
 
Figure	  5-­‐	  3	  Radar-plot showing mean intensity scores for red wine aroma attributes at three levels of 2,5 – dimethyl – 3 – 
methoxypyrazine (DMMP) addition. Values shown are the mean ratings of eight judges and triplicate assessments. *, ** 
and ***  indicate significant differences at p=0.05,  0.01 and 0.001 respectively (Tukey’s HSD).  No significant differences 
were found between Control and the 50 ng/L treatment.	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perhaps	  due	  to	  synergistic	  effects	  of	  DMMP	  at	   low	  concentrations	  with	  other	  wine	  aroma	  compounds,	  as	  noted	  with	  IBMP	  and	  4-­‐Mercapto-­‐4	  –	  Methylpentan-­‐2-­‐one	  in	  white	  wine	  by	  Marais	   and	   Swart	   (1999).	   Indeed,	   anecdotal	   comments	   from	  multiple	   assessors	   suggest	  that	  the	  50	  ng/L	  wine	  possessed	  greater	  complexity	  and	  depth	  of	  aroma	  than	  the	  control	  wine,	  although	  these	  attributes	  were	  not	  formally	  assessed.	  	  
For	  the	  120	  ng/L	  treatment,	  significant	  differences	  from	  the	  control	  wine	  are	  found	  for	   five	   of	   the	   seven	   attributes.	   Ratings	   for	   red	   berry	   (F=	   4.8,	   p<0.012),	   cherry	   (F=5.4,	  p<0.008),	  and	  overall	  aroma	  balance	  (F=12.5,	  p<0.0001)	  are	  lower	  in	  the	  treatment	  wine,	  while	   green/vegetal	   (F=17.4,	   p<0.0001)	   and	   earthy/musty	   (8.6,	   p<0.001)	   are	   higher.	  Significant	  differences	  are	  also	   found	  between	  treatments,	  with	  ratings	   for	  red	  berry	  and	  overall	   aroma	   balance	   lower	   in	   the	   120	   ng/L	   treatment	   compared	   to	   the	   50	   ng/L	  treatment,	   and	   green/vegetal	   and	   earthy/musty	   scores	   higher	   in	   the	   120	   ng/L	   wine.	  Pickering	   and	   others	   (2004)	   also	   reported	   a	   higher	   intensity	   of	   green	   aromas	   and	  decreased	  fruit	  intensity	  in	  wines	  with	  elevated	  concentrations	  of	  alkyl-­‐methoxypyrazines,	  the	  latter	  result	  to	  which	  they	  attributed	  to	  a	  masking	  effect	  from	  IPMP.	  
Both	   orthonasal	   and	   retronasal	   detection	   thresholds	   for	   DMMP	   are	   higher	   than	  those	  reported	  for	  IPMP,	  SBMP	  and	  IBMP,	  which	  in	  wine	  are	  0.3	  –	  2	  ng/L	  for	  IPMP	  (Maga,	  1989;	   Pickering	   and	   others,	   2007)	   and	   16	   ng	   /L	   for	   IBMP	   (Sala	   and	   others,	   2004).	  With	  respect	   to	   the	   contribution	   of	   DMMP	   to	   ladybug	   taint,	   Botezatu	   and	   others	   (2012a)	  reported	  only	  small	  increases	  in	  tainted	  wines,	  suggesting	  it	  does	  not	  play	  a	  key	  role	  in	  this	  wine	  defect.	  However,	  it	  may	  still	  contribute	  through	  an	  additive	  or	  synergistic	  effect	  with	  the	  other	  methoxypyrazines	  present,	   as	   observed	  with	  other	  odorants	   (Ryan	  and	  others,	  2008).	  Extremely	  limited	  data	  is	  available	  in	  regards	  to	  the	  presence	  and	  impact	  of	  DMMP	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in	  other	  fruit	  or	  vegetables.	  Jagella	  and	  Grosch	  (1999)	  identified	  DMMP	  in	  black	  pepper,	  but	  it	  was	  not	  quantified.	   Consequently,	   no	   comparisons	   are	  possible	   at	   this	   time	  with	  other	  foods,	   and	   further	   investigation	   into	   the	  distribution	   and	   significance	   of	  DMMP	   in	  plants	  and	  food	  is	  recommended.	  
One	  shortcoming	  of	  our	  study	  is	  that	  training	  sessions	  and	  standards	  were	  not	  used	  by	   the	  panel.	  However,	   the	  panel	   appeared	   to	  perform	   satisfactorily,	   given	   that	   replicate	  evaluations	  did	  not	  differ	  and	   that	   the	   results	  are	  consistent	  with	  DA	  data	  obtained	  with	  other	  methoxypyrazines	  (e.g.	  IPMP	  –	  Pickering	  and	  others,	  2004)	  
Conclusions
The	  group	  BET	  for	  DMMP	  in	  red	  wine	  is	  31	  ng/L	  for	  orthonasal	  evaluation	  and	  70	  ng/L	  for	  retronasal	  evaluation.	  Individual	  BETs	  range	  from	  13	  to	  88	  ng/L	  (orthonasal)	  and	  13	   to	   424	   ng/L	   (retronasal),	   highlighting	   large	   differences	   in	   sensitivity	   between	  individuals	  and	  modalities.	  Significant	  differences	  in	  wine	  aroma	  profiles	  were	  found	  in	  red	  wines	   spiked	   with	   DMMP.	   These	   wines	   were	   characterized	   by	   lower	   intensity	   of	   fruity	  characteristics	   (cherry,	   red	   berry)	   and	   higher	   earthy/musty	   and	   green/vegetal	   aromas,	  particularly	  at	  the	  highest	  DMMP	  concentration	  (120	  ng/L).	  Taken	  together,	  these	  results	  suggest	   that	   DMMP	   may	   play	   an	   active	   role	   in	   the	   aroma	   of	   some	   red	   wines,	   although	  further	  research	  should	  establish	  the	  influence	  of	  wine	  varietal	  and	  style.	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CHAPTER	  6	  -­‐	  A	  GLOBAL	  SURVEY	  OF	  METHOXYPYRAZINES	  IN	  
WINE	  
Andreea	  Botezatu	  and	  Gary	  J.	  Pickering	  The	  candidate	  is	  the	  main	  author	  and	  contributor	  to	  this	  work.	  Dr.	  Pickering	  has	  provided	  numerous	  suggestions,	  comments	  and	  edits	  throughout	  the	  completion	  of	  this	  work.	  
Introduction	  
Alkyl-­‐methoxypyrazines	   (MPs)	   are	   compounds	   with	   high	   aroma-­‐activity	  found	   in	   a	   several	   species	   of	   vegetables,	   nuts	   (bell	   pepper,	   beets,	   asparagus,	  peanuts)	   (Boubee	   and	   others	   2000;	   Buchbauer	   and	   others	   2000;	   Sala	   and	   others	  2002),	   fruits	   (Schieberle	   and	   others,	   2003)	   and	   spices	   (black	   and	   white	   pepper)	  (Jagella	  and	  Grosch	  1999).	  They	  have	  also	  been	  detected	  in	  several	  grape	  and	  wine	  varietals;	  MPs	  can	  have	  a	  positive	   impact	  on	   the	  aroma	  profile	  of	  certain	  varietals	  (Sauvignon	   blanc,	   Cabernet	   sauvignon)	   (Allen	   and	   Lacey	   1998)	   but	   they	   can	   also	  have	   a	   detrimental	   effect	   at	   higher	   concentrations,	   leading	   to	   unpleasant	   and	  undesirable	  characters	  such	  as	  “green”	  and	  “unripe”	  (Allen	  and	  others,	  1991).	  The	  concentration	  of	  MPs	   in	  grapes	  and	  wines	   is	  dependent	  and	  affected	  by	  numerous	  viticultural,	  climatological	  and	  enological	  factors,	  such	  as	  leaf	  removal	  (Allen,	  1993),	  sunlight	  exposure	  (Allen,	  1993),	  grape	  ripening	  (Lacey	  and	  others,	  1991;	  Allen	  and	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others,	  1995),	  climate	  (Lacey	  and	  others,	  1991;	  Noble	  and	  others,	  1995;	  Allen	  and	  others,	   1995;	   Boubee	   and	   others,	   2000),	   pressing	   technique	   (Hashizume	   and	  Umeda,	  1996;	  Hashizume	  and	  Samuta,	  1997),	  maceration	  duration	  (Kotseridis	  and	  others,	   1999)	   and	   yeast	   strain	   used	   (Pickering	   and	   others,	   2008).	   In	   the	   case	   of	  packaged	  wines,	  the	  type	  of	  cork	  used	  and	  the	  packaging	  type	  can	  also	  influence	  MP	  concentration	  (Blake	  and	  others,	  2009).	  	  	  
Increased	   concentrations	   of	   MPs	   have	   also	   been	   associated	   with	   ‘ladybug	  taint’,	  a	  wine	  fault	  caused	  by	  the	  inadvertent	  incorporation	  of	  Coccinellidae	  beetles	  in	  the	  winemaking	  process	  (Pickering	  and	  others,	  2005;	  Botezatu	  and	  others,	  2012a;	  Koegel	   and	   others,	   2012).	   Coccinellidae	   secrete	   haemolymph	   that	   contains	  methoxypyrazines.	   Four	   methoxypyrazines	   have	   been	   identified	   in	   Coccinellidae	  haemolymph:	   isobutyl	   methoxypyrazine	   (IBMP),	   isopropyl	   methoxypyrazine	  (IPMP),	  secbutyl	  methoxypyrazine	  (SBMP)	  and	  2,5	  –	  dimethyl	  -­‐3-­‐	  methoxypyrazine	  (DMMP)	   	   (Cudjoe	   and	   others	   2005;	   Cai	   and	   others	   2007).	  Wines	   affected	   by	   LBT	  have	   increased	   concentrations	   of	   IPMP	   (Pickering	   and	   others,	   2005),	  where	   IPMP	  concentration	   in	   control	   wines	   was	   8	   ng/L,	   increasing	   up	   to	   38	   ng/L	   in	   wines	  fermented	   with	   Coccinellidae	   beetles	   (Harmonia	   axyridis).	   Similar	   increases	   were	  later	  reported	  by	  Pickering	  and	  others	  (2008	  a,b)	  and	  Koegel	  and	  others	  (2012).	  
Until	  recently,	  there	  were	  only	  reports	  of	  IBMP,	  IPMP	  and	  SBMP	  as	  important	  aroma-­‐active	  grape-­‐derived	  MPs	  in	  grapes	  and	  wines.	  Recently,	  however,	  Botezatu	  and	  others	  (2012a)	  reported	  DMMP	  in	  wines	  affected	  by	  ladybug	  taint	  as	  well	  as	  in	  non-­‐tainted	  Cabernet	  sauvignon	  and	  Vidal,	  raising	  the	  question	  whether	  DMMP	  may	  be	  a	  yet	  unrecognized	  but	  common	  impact	  compound	  in	  commercial	  wines.	  Human	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detection	  thresholds	  for	  alkyl-­‐methoxypyrazines	  are	  very	  low:	  31	  ng/L	  for	  DMMP	  in	  red	  wine	  (Botezatu	  and	  others	  2012b),	  0.3	  –	  2	  ng/L	  for	  IPMP	  in	  wine	  (Pickering	  and	  others	  2007),	  16	  ng/L	   for	   IBMP	   in	  wine	   (Sala	  and	  others,	  2004),	  and	  1-­‐2	  ng/L	   for	  SBMP	  in	  water	  (Sala	  and	  others,	  2004).	  
The	   concentrations	   of	  mainly	   IBMP	   and	   less	   so	   SBMP	   and	   IPMP	   in	   various	  
Vitis	  vinifera	  cultivars	  such	  as	  Cabernet	  sauvignon,	  Sauvignon	  blanc	  and	  Merlot	  have	  been	  widely	  documented	  (Allen	  and	  others,	  1988;	  Arnold	  and	  Bledsoe,	  1990;	  Lacey	  and	  others,	   1991;	  Noble	   and	  others,	   1995;	  Allen	   and	  others,	   1995;	  Kotseridis	   and	  others,	   1998;	   Boubee	   and	   others,	   2000;	   Alberts	   and	   others,	   2009).	   However,	   MP	  concentration	  in	  other	  important	  cultivars	  such	  as	  Chardonnay,	  Riesling,	  Pinot	  noir	  is	   under-­‐documented,	   and	   data	   is	   very	   limited	   on	  wines	   from	   small	   yet	   emerging	  wine	   regions	   such	   as	   Canada.	   Limited	   information	   also	   exists	   on	   DMMP	  concentration	  in	  wines,	  with	  results	  for	  only	  4	  commercial	  samples	  appearing	  in	  the	  literature	   to	   date	   (Botezatu	   and	   others,	   2012a,b).	   These	   considerations	   form	   the	  basis	   of	   this	   study,	  which	   is	   supported	   by	   the	   recent	   development	   of	   a	   GC-­‐GC-­‐MS	  analytical	  technique	  that	  allows	  for	  the	  rapid,	  sensitive,	  and	  accurate	  determination	  of	  these	  important	  trace	  compounds	  in	  wine	  (Botezatu	  and	  others,	  2013).	  
Materials	  and	  methods	  
A	   total	   of	   187	   wines	   were	   analyzed.	   Wines	   from	   different	   varietals,	   some	  known	  to	  contain	  MPs	  and	  some	  where	  MP	  concentrations	  had	  not	  been	  previously	  documented,	   from	   several	   countries	   with	   varying	   climatological	   conditions	   and	  from	   various	   vintages	  were	   collected.	  Wine	   samples	   were	   donated	   by	   the	   Liquor	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Control	   Board	   of	   Ontario.	   The	   samples	   were	   kept	   frozen	   until	   one	   day	   prior	   to	  analysis.	  	  
Commercial	   IBMP	   (97%),	   SBMP	   (99%)	   and	   IPMP	   (97%)	   were	   purchased	  from	  Sigma	  Aldrich	  (Sigma	  Aldrich	  Inc.,	  MO,	  USA).	  Pure	  DMMP	  and	  the	  isotopically	  labeled	   internal	   standards	   [2H3]	   –	   DMMP,	   [2H3]	   –IPMP,	   [2H3]	   –	   SBMP	   and	   [2H3]	   -­‐	  IBMP	   were	   synthesized	   at	   Brock	   University	   based	   on	   the	   protocols	   detailed	   by	  Kotseridis	  and	  others	  (2008)	  and	  Czerny	  and	  Grosch	  (2000).	  	  MilliQ	  (Millipore,	  MA,	  USA)	  water	  was	  used	  for	  dilutions.	  Sodium	  hydroxide	  (NaOH	  99.8%)	  was	  purchased	  from	  Sigma	  Aldrich	  (Sigma	  Aldrich	  Inc.,	  MO,	  USA)	  while	  NaCl	  (99%)	  was	  purchased	  from	  Caledon	  Laboratories	  (ON,	  Canada).	  
The	  analytical	  method	  employed	  was	  that	  of	  Botezatu	  and	  others	  (2013).	  The	  method	   validation	   confirmed	   its	   reliability,	   having	   good	   linearity	   for	   all	   four	  MPs	  (r2>0.99)	  and	  satisfactory	  repeatability	  and	  recovery	  values.	  
Odor	  activity	  values	  were	  calculated	  for	  all	  MPs	  and	  total	  impact	  factor	  values	  (TIF)	  were	  determined	  for	  all	  wines.	  Individual	  odor	  activity	  values	  were	  calculated	  for	   each	   individual	  MP	   as	   being	   the	   ratio	   between	   the	  MP	   concentration	   and	  MP	  human	  detection	  threshold	  (human	  detection	  threshold	  values	  used	  were:	  31	  ng/L	  for	  DMMP,	  1.6	  ng/L	  and	  2	  ng/l	  respectively	  for	  IPMP	  in	  white	  and	  red	  wines,	  1	  ng/L	  for	   SBMP	   and	   16	   ng/l	   for	   IBMP	   (Sala,	   2004;	   Pickering	   and	   others,	   2005)).	   After	  calculating	  the	  individual	  odor	  activity	  values	  for	  all	  MPs,	  we	  have	  added	  them	  for	  an	   total	   impact	   factor	   value,	   for	   each	   individual	   wine.	   	   These	   total	   impact	   factor	  values	  were	   statistically	   tested	   through	  a	  3-­‐way	  ANOVA	   test,	   in	  order	   to	  establish	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any	   statistically	   significant	   relationships	   between	   them	   and	   varietal,	   country	   or	  vintage	  effects.	  
Statistical	   analyses	   (XLSTAT	   version	   7.5.2	   (Addinsoft,	   40,	   rue	   Damremont,	  75018	  Paris,	  France)	  were	  performed	  in	  order	  to	  investigate	  possible	  relationships	  between	  MP	  concentrations	  and	  country	  of	  origin	  as	  well	  as	  vintage.	  For	  statistical	  analysis	  purposes,	  the	  data	  has	  been	  grouped	  by	  vintage	  year	  in	  6	  categories,	  with	  all	   wines	   from	   vintages	   prior	   to	   2006	   being	   grouped	   together	   in	   a	   unique	   group	  designated	   as	   “<2006”;	   8	   geographic	   categories	   were	   used,	   with	   countries	   Brazil,	  Chile	  and	  Argentina	  making	  up	  the	  “South	  America”	  category,	  Greece,	  Spain,	   Israel	  and	   Italy	   the	   “Mediterranean”	   category	  and	  Germany,	  Austria,	  Bulgaria,	   and	  South	  Africa	  the	  “Other”	  category.	  	  
Three-­‐way	   Multivariate	   Analysis	   of	   Variance	   was	   performed,	   with	   a	  confidence	   interval	  of	  95	  %.	  All	   two-­‐way	   interactions	  were	   included	   in	   the	  model.	  Tukey’s	   mean	   separation	   test	   was	   employed	   to	   differentiate	   between	   statistical	  groups.	  	  	  	  
Results	  and	  Discussion	  
Sample	  description	  and	  MP	  values	  
A	   total	   of	   187	   wines	   spanning	   vintages	   from	   2001-­‐2010	   were	   analyzed.	  Canada	  had	  a	  higher	  representation,	  with	  80	  of	  the	  total	  number	  of	  samples	  being	  of	  Canadian	  origin.	  Of	   the	  187	  samples,	  113	  were	  red	  wines	  and	  74	  were	  white.	  The	  conecntrations	  of	  DMMP,	  IPMP,	  SBMP	  and	  IBMP	  for	  all	  187	  wines	  are	  presented	  in	  Appendix	   1.	   The	   concentrations	   of	   IPMP	   and	   SBMP	   are	   consistently	   lower	   than	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those	  of	   IBMP.	   IBMP	  and	  SBMP	  concentrations	  are	  within	   the	  previously	   reported	  ranges	   (Harris	   and	   others,	   1987;	   Noble	   and	   others,	   1995;	   Kotseridis	   and	   others,	  1998	   ;	   Boubee	   and	   others,	   2000;	   	   Alberts	   and	   others	   2009)	   with	   SBMP	   ranging	  between	   0	   and	   12.5	   ng/L	   (previously	   reported	   range	   is	   <2-­‐16	   ng/L	   )	   and	   IBMP	  ranging	   between	   0	   and	   54.3	   ng/L	   (previously	   reported	   range	   0-­‐56	   ng/L).	   While	  many	   IPMP	   values	   fall	   within	   the	   interval	   of	   previously	   reported	   values	   (0-­‐17.4	  ng/L)	  (Noble	  and	  others,	  1995;	  Boubee,	  1999;	  Blake	  and	  others,	  2009),	  we	  also	  see	  values	   as	   high	   as	   27	  ng/L	   in	   a	   few	   cool	   climate	  Cabernet	   franc	   and	  Merlot	  wines.	  Blake	   and	   others	   (2009)	   have	   previously	   reported	   an	   IPMP	   concentration	   of	   17.4	  ng/L	  in	  a	  Canadian	  Cabernet	  franc	  wine	  and	  it	   is	  also	  a	  known	  that	  Cabernet	  franc	  wines	   from	  cool	  climates	  exhibit	  high	  vegetative	  aroma	  characteristics.	  Most	   IPMP	  data	   reported	   to	   date	   was	   generated	   by	   analyses	   of	   Cabernet	   sauvignon	   (or	  Bordeaux	   blends,	   containing	   mostly	   Cabernet	   sauvignon)	   and	   Sauvignon	   blanc	  wines,	  and	  of	  the	  data	  existing,	  most	  of	  it	  was	  acquired	  one	  or	  even	  two	  decades	  ago,	  so	  we	   also	   acknowledge	   the	  possibility	   that	   simply	   through	   improved	  methods	   of	  detection	  and	  quantitation	  we	  may	  be	  beginning	  to	  see	  higher	  values	   for	  IPMP	  (as	  well	  as	  other	  MPs),	  being	  reported.	  
Quality	  implications	  
Allan	   and	   Lacey	   (1998)	   stated	   that	   in	   wines,	   recognition	   of	   a	   herbaceous	  characteristic	   occurs	   at	   total	   MP	   (IBMP,	   SBMP	   and	   IPMP)	   concentrations	   of	   4-­‐8	  ng/L,	   an	   optimum	   range	  would	   be	   8-­‐15	   ng/L	  while	   concentrations	   as	   high	   as	   30	  ng/L	  or	  higher	  would	  be	  considered	  unpleasant	  and	  unbalanced.	  According	  to	  these	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criteria,	  50	  out	  of	  188	  samples	  in	  our	  survey	  (approximately	  30%),	  would	  fall	   into	  the	   “optimum”	  category	  and	  52	  out	  of	  188	  would	  be	   considered	  unbalanced,	  with	  accentuated	   herbaceous	   and	   green	   characteristics.	   Forty-­‐nine	   out	   of	   these	   52	   are	  red	   varietals	   (Cabernet	   sauvignon,	   Cabernet	   franc	   and	   Merlot),	   while	   three	   are	  Sauvignon	  blanc.	  Also,	  optimum	  concentrations	  levels	  for	  MPs	  can	  only	  be	  relative,	  since	  other	  factors,	  such	  as	  varietal	  and	  wine-­‐style	  will	  influence	  the	  perception	  and	  interpretation	  of	  aroma	  characters	  associated	  with	  MPs.	  A	  total	  concentration	  of	  15	  ng/L	  MPs	  in	  a	  Cabernet	  sauvignon	  wine	  may	  be	  optimal	  for	  the	  wine	  and	  style,	  while	  the	   same	   concentration	   in	   a	   Riesling	   will	   most	   likely	   be	   overpowering.	   Also,	   the	  relativity	   of	   these	   values	   is	   underscored	   in	   the	   work	   of	   Tesic	   and	   others	   (2001),	  where	  the	  authors	  sensorally	  evaluated	  several	  Cabernet	  sauvignon	  wines	  and	  also	  analyzed	   the	  wines	   for	   IBMP	   concentration.	   The	   highest	   score	  wine	   after	   sensory	  analysis	  had	  an	  IBMP	  concentration	  of	  15.9	  ng/L	  ,	  while	  the	  second	  last	  scored	  wine	  contained	   only	   10.8	   ng/L	   IBMP.	   Keeping	   in	   mind	   that	   Cabernet	   sauvignon	   wines	  have	  also	  been	  shown	  to	  contain	  both	  IPMP	  and	  SBMP,	  we	  can	  assume	  that	  the	  total	  MP	  concentrations	  for	  these	  wines	  were	  higher	  than	  the	  IBMP	  concentrations	  alone.	  In	   the	  case	  of	  our	  wines	  no	  sensory	  evaluation	  has	  been	  performed,	   so	  we	  cannot	  either	  confirm	  or	  deny	  this	  prediction.	  
DMMP	  has	  been	  detected	  in	  48%	  of	  the	  samples,	  and	  was	  above	  the	  limit	  of	  quantitation	   for	   the	   analytical	   method	   employed	   (15	   ng/L,	   Botezatu	   and	   others,	  2013)	  in	  87%	  of	  these	  (79	  samples).	  Of	  these	  79	  samples,	  75	  were	  red	  wines,	  and	  4	  were	  white	  wines.	   For	   these	  white	  wines,	   DMMP	   concentrations	   ranged	   between	  17.6	   –	   34.6	   ng/L,	   with	   a	   mean	   value	   of	   23	   ng/L.	   For	   the	   75	   red	   wines,	   DMMP	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concentrations	  ranged	  between	  18.8	  and	  166	  ng/L	  (mean	  value	  66	  ng/L),	  with	  the	  highest	  concentration	  being	  reported	  in	  a	  Merlot	  wine.	  The	  DMMP	  human	  detection	  threshold	   in	   wine	   is	   31	   ng/L	   (Botezatu	   and	   others	   2012	   b),	   and	   a	   significant	  negative	  impact	  of	  DMMP	  concentrations	  on	  wine	  aroma	  has	  been	  reported	  at	  120	  ng/L.	   Considering	   this,	   the	   values	   reported	   here	   for	   DMMP	   suggest	   that	   this	  compound	  could	  play	  an	  active	  role	  in	  the	  aroma	  matrix	  of	  red	  wines,	  but	  less	  so	  for	  white	  wines.	   According	   to	   our	   results,	   DMMP	   is	   the	   only	  MP	   in	  wines	   that,	  when	  detected,	  occurs	  at	  higher	  concentrations	  than	  IBMP.	  	  
Statistical	  analyses	  results	  
Significant	  differences	  were	   found	  between	  varietals	   (F=	  3.2,	   	   p<0.0001	   for	  DMMP;	  F=2.8,	  p<0.0001	  for	  IPMP;	  F=1.7,	  p=0.06	  for	  SBMP	  and	  F=4.5,	  p<0.0001	  for	  IBMP),	  for	  all	  four	  MPs.	  Mean	  values	  for	  each	  varietal	  as	  well	  as	  statistical	  groupings	  are	  presented	  in	  Figure	  6.1.	  As	  expected,	  higher	  values	  for	  all	  MPs	  were	  found	  in	  red	  
varietals.	  
Cabernet	  sauvignon,	  Cabernet	  franc	  and	  Merlot	  are	  consistently	  found	  in	  the	  top	  three,	  and	  Chardonnay	  and	  Riesling	  are,	  for	  three	  out	  of	  four	  MPs,	  the	  varietals	  with	  the	  lowest	  mean	  concentrations.	  Interestingly,	  Chardonnay	  ranks	  third	  highest	  for	  SBMP	  concentration.	  There	  is	  no	  available	  data	  to	  date	  on	  the	  human	  detection	  threshold	   for	   SBMP	   in	  wines,	   so	   it	   is	   difficult	   to	   interpret	   the	   significance	   of	   this	  result.	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Figure	  6-­‐	  1	  Mean	  values	  (ng/L)	  for	  dimethyl	  methoxypyrazine	  (DMMP),	  isopropyl	  methoxypyrazine	  (IBMP),	  secbutyl	  
methoxypyrazine	  (SBMP)	  and	  isobutyl	  methoxypyrazine	  (IBMP)	  for	  each	  varietal	  category	  analyzed.	  The	  error	  bars	  
represent	  the	  Standard	  Deviations	  (SD).	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finding,	  considering	  New	  Zealand’s	  climate	  is	  described	  as	  cool,	  and,	  as	  such,	  higher	  concentrations	  of	  MPs	  might	  have	  been	  expected	  (Lacey	  and	  others,	  1991;	  Allen	  and	  others,	  1998).	  
No	  significant	  differences	  were	   found	  between	  vintages,	  however	  2010	  had	  the	   lowest	   values	   for	   three	   of	   the	   four	  MPs	   (DMMP,	   IPMP,	   SBMP).	   This	   particular	  result	  may	  be,	  however,	  misleading,	  as	  22	  of	   the	  28	  samples	   included	   in	   the	  2010	  vintage	   category	   are	   from	  Canada.	  The	  2010	  vintage	   in	  Canada	  was	   a	  particularly	  good	   growing	   season	   for	   grapes,	  with	   low	   precipitations	   and	  warm	   temperatures	  (weather	  data	   from	   the	  Vineland	  meteorological	   station,	  Vineland,	  ON).	  Generally,	  MP	  concentrations	  are	   lower	  during	  hot	  and	  dry	  years	  (Sala	  and	  others,	  2004),	   so	  this	  might	   be	   the	   driving	   factor	   behind	   this	   finding.	   This	   supposition	   seems	   to	   be	  contradicted	   by	   the	   lacking	   of	   any	   significant	   interactions	   for	   DMMP,	   IPMP	   and	  SBMP	   between	   country	   and	   vintage	   categories	   (p=0.133,	   p	   =	   0.935,	   p	   =	   0.648	  respectively).	  
No	  significant	  differences	  were	  found	  for	  the	  varietal	  x	  country	  interactions	  (p=0.757	  for	  DMMP,	  p=	  0.976	  for	  IPMP,	  p=0.936	  for	  SBMP	  and	  p=0.126	  for	  IBMP).	  For	  varietal	  x	  vintage,	  significant	  interactions	  were	  found	  for	  IBMP	  (F=2.1,	  p=0.010)	  only,	  as	  was	  the	  case	  with	  country	  x	  vintage	  interactions	  (F=2.8,	  p=0.001)	  for	  IBMP.	  These	   results	   for	   IBMP	   are	   not	   surprising,	   as	   IBMP	   concentrations	   had	   been	  previously	   shown	   to	   vary	   greatly	   between	   vintages,	   countries	   as	  well	   as	   varietals	  (Sala	  and	  others,	  2004).	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In	  order	  to	  get	  a	  better	  understanding	  and	  visualization	  of	  the	  relationships	  between	  the	  various	  wine	  properties	  (MP	  concentration,	  country	  of	  origin,	  vintage)	  	  we	   used	   the	   multivariate	   data	   analysis	   technique	   principal	   component	   analyses	  (PCA).	   	   For	   analysis	   the	   observation	   values	   were	   used	   and	   Pearson’s	   correlation	  matrix	  was	  calculated.	  No	  factor	  rotation	  was	  applied.	  	  
	  We	   see	   the	   strong	   relationship	   between	   varietal	   and	   MP	   concentration,	  illustrated	  in	  Figure	  6.2,	  where	  centroids	  scores	  and	  loading	  plots	  for	  data	  grouped	  by	   this	   criterion	   (varietal)	   are	   shown.	   For	   the	   sake	   of	   simplicity	   we	   included	   in	  Figure	  6.2	  only	  the	  centroids	  representation	  for	  the	  varietal	  categories,	  but	  a	  more	  detailed	  PCA,	  containing	  all	  observations	  can	  be	  found	  in	  Appendix	  2.	  
	  We	   can	   see	   a	   strong	   positive	   relationships	   between	  Merlot	   wines	   and	   the	  IPMP	  vector	  and	  an	  even	  stronger	  one	  between	  Cabernet	  sauvignon	  wines	  and	  the	  SBMP	   vector,	   illustrating	   high	   concentrations	   of	   these	   MPs	   in	   each	   varietal,	  accordingly.	  Cabernet	  franc	  wines	  show	  a	  positive	  relationship	  to	  the	  IPMP	  vector.	  Pinot	   noir,	   Chardonnay	   Riesling	   and	   Sauvignon	   blanc	   are	   all	   to	   some	   degree	  negatively	  related	  with	  all	  four	  MPs.	  This	  is	  not	  surprising,	  since	  Pinot	  noir	  wines	  as	  well	   as	   white	   varietals	   have	   relatively	   low	   MP	   concentrations.	   Factors	   3	   and	   4	  account	   for	   31%	   of	   the	   variation,	   as	   shown	   in	   Figure	   6.3.	  We	   see	   here	   a	   positive	  relationship	   between	   Chardonnay	   wines	   and	   SBMP,	   as	   well	   as	   a	   strong	   negative	  relationship	   between	  Cabernet	   franc	  wines	   and	  DMMP	   concentrations.	   Pinot	   noir,	  Merlot	   and	   Chardonnay	   wines	   are	   all	   negatively	   related	   to	   IBMP	   while	   Cabernet	  sauvignon	  and	  Riesling	  are	  negatively	  related	  to	  IPMP.	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The	   four	   MPs	   are	   somewhat	   positively	   related	   to	   each	   other,	   specifically	  IPMP	  and	  DMMP	  are	  both	   in	   the	  upper	   right	  quadrant,	  while	   IBMP	  and	  SBMP	  are	  both	  in	  the	  lower	  right	  quadrant	  and	  display	  the	  closest	  relationship	  of	  all	   	  (Figure	  6.2).	  No	   relationship	   can	  be	   seen	  between	   IPMP	  and	   IBMP	  or	   SBMP.	   	  No	  negative	  associations	  can	  be	  seen	  between	  any	  of	  the	  MPs.	  Pearson’s	  correlation	  test	  for	  the	  four	  methoxypyrazines	   also	   confirms	   the	   correlations	   between	   the	   compounds	   (a	  significance	   level	  alpha	  =	  0.05).	  Weak	  correlations	  were	   found	  between	  SBMP	  and	  DMMP	  (r	  =	  0.263,	  p=0.001),	  DMMP	  and	  IPMP	  (r	  =	  0.292,	  p=0.000),	  DMMP	  and	  IBMP	  (r	   =	   0.373,	   p<0.0001),	   IPMP	   and	   IBMP	   (r	   =	   0.151,	   P=0.05)	   and	   a	   moderate	  correlation	   between	   SBMP	   and	   IBMP	   (r	   =	   0.385,	   p<0.0001).	   No	   correlation	   was	  found	  between	  IPMP	  and	  SBMP	  (r	  =	  0.074,	  P	  =	  0.336).	  
These	  results	  suggest	  possible	  codependency	  between	  IBMP	  and	  SBMP.	  This	  might	   be	   attributed	   to	   similar	   biosynthesis	   pathways	   for	   the	   MPs,	   and	   possibly	  common	  precursors.	  This	  relationship	  between	  the	  MPs	  could	  also	  be	  derived	  from	  similar	   behavior	   for	   each	   MP	   pair	   during	   vinification	   and	   wine	   processing.	   	   	   No	  negative	  associations	  between	  any	  of	  the	  MPs	  indicate	  no	  exclusive	  presence	  of	  any	  one	  MP	  to	  the	  detriment	  of	  any	  other.	  	  
We	  also	  notice	  a	  clear	  separation	  of	  the	  Cabernet	  sauvignon	  varietal	  from	  all	  others.	  Cabernet	  sauvignon	  wines	  are	  defined	  by	  high	  concentrations	  of	  SBMP	  and	  IBMP.	   This	   is	   interesting,	   particularly	   because	   previously	   SBMP	   has	   not	   been	  considered	  an	  important	  MP	  in	  wine.	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Merlot	  and	  Cabernet	  franc	  wines	  are	  also	  close	  together	  on	  the	  plot	  and	  are	  close	   to	   the	   IPMP	  vector.	  This	  suggests	   that	   IPMP	  may	  play	  a	  bigger	  role	  on	   these	  varietals’	   aromas	   than	   previously	   thought.	   Chardonnay,	   Sauvignon	   blanc	   and	  Riesling	   are	   tightly	   grouped	   and	   all	   are	   negatively	   related	   to	   all	   MP	   vectors,	  indicating	   low	   MP	   concentrations,	   as	   expected	   in	   white	   win
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Figure	  6-­‐	  2	  PCA	  loadings for 2,5 – dimethyl -3- methoxypyrazine (DMMP), isopropyl methoxypyrazine (IPMP) , 
secbutyl methoxypyrazine (SBMP) and isobutyl methoxypyrazine (IBMP) and score plots (calculated for the 
centroids for each varietal) for 170 surveyed wines samples of different varietals obtained using 
methoxypyrazine data (Factors 1 and 2).	  	  
	  
Figure	  6-­‐	  3	  PCA	  loadings for 2,5 – dimethyl -3- methoxypyrazine (DMMP), isopropyl methoxypyrazine (IPMP) , 
secbutyl methoxypyrazine (SBMP) and isobutyl methoxypyrazine (IBMP) and score plots (calculated for the 
centroids for each varietal) for 170 surveyed wines samples of different varietals obtained using 
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Results	  for	  vintage	  and	  country	  of	  origin	  were	  inconclusive,	  as	  no	  clear	  pattern	  or	  groupings	  could	  be	  discerned	  in	  the	  PCA	  (data	  not	  shown).	  
Synergistic	  effects	  
While	  there	  are	  no	  studies	  on	  the	  synergistic	  effects	  of	  methoxypyrazines	  on	  the	   aroma	   and	   flavour	   of	   wines,	   one	   can	   speculate	   that	   such	   effects	   might	   exist,	  particularly	  in	  the	  case	  of	  compounds	  that	  are	  members	  of	  the	  same	  chemical	  class	  (alkyl	   methoxypyrazines).	   Thus,	   we	   have	   proceeded	   to	   test	   the	   existence	   of	  statistically	  significant	  relationships	  between	  the	  ‘total	  impact	  factors’	  calculated	  for	  each	  wine	  as	  previously	  described,	  and	  varietal,	  country	  of	  origin	  and	  vintage.	   	  For	  statistical	  testing	  we	  used	  three	  way	  MANOVA,	  with	  all	  interactions	  included	  in	  the	  model	  and	  a	  significance	   level	  p	  =	  0.05.	  Tukey’s	  mean	  separation	   test	  was	  used	   to	  differentiate	  between	  statistical	  groupings.	  
We	   found	   statistically	   significant	   differences	   between	   varietals	   (F=15.3,	   p	  <0.0001).	  The	  mean	  values	  and	  statistical	  groupings	  based	  on	  Varietal	  are	  presented	  in	  Figure	  6.4.	  Varietals	  with	  the	  same	  letter	  are	  not	  statistically	  different.	  
No	   significant	   differences	   were	   found	   for	   any	   other	   variables	   (vintage,	  country)	  as	  well	  as	  no	  significant	  interactions.	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Figure	  6-­‐	  4	  Estimated total  impact factor values of methoxypyrazines in varietal wines ± Standard Deviation 
(SD).  Data were analyzed using MANOVA, statistical groupings are based on Tukey’s Mean Separation test. 
Categories with the same letter are not statistically different, while those with different letters are	  We	  can	  distinguish	  three	  main	  groups:	  the	  highest	  impact	  group	  (made	  up	  of	  Merlot,	  Cabernet	   sauvignon	  and	  Cabernet	   franc),	  medium	   impact	  group	  (including	  Pinot	  noir,	  Sauvignon	  blanc	  and	  Chardonnay)	  and	  finally,	  the	  least	  impact	  is	  found	  in	  the	  case	  of	  Riesling	  wines.	  
While	  the	  results	  for	  the	  red	  wines	  and	  Sauvignon	  blanc	  are	  unsurprising,	  the	  impact	  factor	  for	  Chardonnay	  is	  higher	  than	  expected.	  This	  result	  suggests	  that	  MPs	  	  may	  play	  a	  bigger	  role	  than	  previously	  believed,	  in	  the	  aroma	  profile	  of	  Chardonnay	  wines.	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perceivable,	   it	   is	  hard	   to	   interpret	  with	  precision	  what	  higher	  values	  mean.	   In	   the	  case	   of	   IPMP,	   where	   the	   detection	   threshold	   is	   2	   ng/L	   in	   red	   wines,	   deleterious	  effects	   to	  wine	   quality	   have	   been	   reported	   at	   around	   the	   10	   ng/L	   level	   or	   higher	  (Pickering	   and	   others,	   2005,	   Pickering	   and	   others	   2006).	   Similarly,	   in	   the	   case	   of	  DMMP,	  while	  the	  human	  detection	  threshold	  is	  31	  ng/L,	  significant	  negative	  effects	  were	   found	   at	   concentrations	   of	   120	   ng/L.	   Further	   sensory	   studies	   where	   the	  sensory	   impact	  of	  varying	  concentrations	  of	  MPs	  are	  added	  to	  base	  wines	  and	   the	  wine	  profile	   is	  evaluated	  would	  help	   further	  clarify	   this,	  particularly	   in	   the	  case	  of	  SBMP	  and	  IBMP.	  	  
As	  a	  caveat,	   the	  SBMP	  human	  detection	   threshold	  value	   in	  water	  was	  used,	  since	  no	  data	  exists	   to	  date	  on	   its	  detection	   threshold	   in	  wine.	   	  Finally,	   the	  matrix	  effects	  should	  be	  considered	  when	  evaluating	  this	  type	  of	  information.	  
Canadian	  wines	  
As	  vintage	  has	  been	  previously	  reported	  to	  play	  a	  role	  in	  MP	  concentrations	  of	   wines,	   we	   took	   a	   closer	   look	   at	   a	   subset	   of	   wines	   from	   Canada	   in	   order	   to	  investigate	   the	  possible	  associations	  between	  different	  vintages	   in	  Canada	  and	  MP	  content.	   Seventy	   three	   Canadian	   wines	   from	   vintages	   ranging	   between	   2006	   and	  2010	   and	   from	   various	   Canadian	   regions	  were	   analyzed	   and	   a	   breakdown	   of	   the	  complete	  Canadian	  set	  can	  be	  found	  in	  Table	  6.1.	  
Statistical	   testing	   of	   the	   Canadian	   data	   through	   ANOVA	   looking	   at	   varietal,	  vintage	  and	  varietal*	  vintage	  interactions	  was	  performed,	  with	  a	  confidence	  interval	  of	   95%	   (p<0.05).	   Statistical	   differences	  were	   found	   between	   varietals	   (F=8.313,	   p	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<0.001	  for	  DMMP,	  F=8.9,	  p<0.0001	  for	  IPMP,	  F=3.5,	  p=0.006	  for	  SBMP	  and	  F=27.4,	  p<0.0001	   for	   IBMP),	   but	  not	   for	   vintage.	   Significant	   vintage	   *	   varietal	   interactions	  were	   found	   for	   IBMP	   (F=4.7,	   p<0.0001)	   only.	   	   The	  mean	   values	   for	   the	   four	  MPs	  across	   varietals	   and	   the	   statistical	   groupings	   based	   on	   Tukey’s	  mean	   separations	  test	  can	  be	  seen	  in	  figure	  6.5.	  
	  
Table 6- 1 Vintage range, regions of origin, number of samples and varietals for the	  
subset of Canadian wines analyzed	  
Varietal	   No.	  of	  samples	   Vintage	  range	   Regions	  of	  origin	  
Cabernet	  sauvignon	   9	   2005-­‐2010	   Niagara(3),	  Alberta	  (1),	  
unspecified	  (5)	  
Merlot	   7	   2002-­‐2010	   Niagara	  (3),	  British	  Columbia	  (2),	  
Alberta	  (1),	  unspecified	  (1)	  
Cabernet	  franc	   8	   2006-­‐2010	   Niagara	  (2),	  unspecified	  (6)	  
Pinot	  noir	   17	   2007-­‐2010	   Niagara	  (5),	  British	  Columbia	  (5),	  
Prince	  Edward	  County(1),	  
unspecified	  (6)	  
Riesling	   10	   2005-­‐2010	   Niagara	  (3),	  British	  Columbia	  (1),	  
unspecified(6)	  
Sauvignon	  blanc	   7	   2006-­‐2010	   Niagara	  (4),	  Pelee	  Island	  (1),	  
Nova	  Scotia	  (2)	  
Chardonnay	   15	   2007-­‐2010	   Niagara	  (2),	  British	  	  Columbia	  (1),	  
Prince	  Edward	  County(1),	  
unspecified	  (11)	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Figure	  6-­‐	  5	  Mean 2.5 - dimethyl -3- methoxypyrazine (DMMP), isopropyl methoxypyrazine (IPMP), secbutyl 
methoxypyrazine (SBMP) and isobutyl methoxypyrazine (IBMP) values across varietals, in Canadian wines. 
The error bars represent standard deviations (SD). Variables with the same letters are not statistically different, 
while those with different letters are (Tukey’s mean separation test).	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higher	  concentrations	  of	  MPs	  are	  found	  in	  red	  wines	  and	  lower	  in	  whites,	  with	  the	  lowest	  concentrations	  found	  in	  Riesling	  wines.	  
Principal	  component	  analysis	  was	  again	  used	  for	  a	  better	  visualization	  of	  the	  possible	   relationships	   between	   the	   variables	   involved.	   The	   observation	   data	   was	  used	   and	   Pearson’s	   correlation	  matrix	  was	   calculated.	  No	   rotation	  was	   applied	   to	  the	  factors.	  
For	  Niagara	  region	  wines	  only	  (17	  wines	  covering	  four	  vintages:	  2006,	  2007,	  2008	   and	   2010)	   we	   notice	   similar	   associations	   in	   Figure	   6.6,	   however	   vintages	  2006,	  2007	  and	  2008	  are	  closer	  	  to	  F2	  rather	  than	  F1.	  	  Vintage	  2010	  is	  still	  strongly	  negatively	  related	  to	  F1,	  indicating	  low	  concentrations	  of	  MPs	  overall.	  Weather	  data	  sourced	   from	   the	   Vineland	  meteorological	   station	   (Niagara,	   ON)	   shows	   that	   both	  2007	   and	   2010	  were	   hot	   years	  with	   optimum	  precipitation	   levels	   (<300	  mm	  and	  444	  mm,	  respectively),	  while	  2008	  was	  an	  average	  season,	  with	  a	  wetter	  fall	  period	  (401	  mm).	   	  While	  2006	  and	  2007	  are	  very	  closely	  positioned	  on	  our	  plot,	  weather	  data	   for	  2006	  shows	  that	   this	  vintage	  was	  a	  rather	  cool	  and	  wet	  one,	  with	  a	  rainy	  harvest	   season	   (560	   mm).	   Some	   degree	   of	   caution	   may	   be	   taken	   with	   these	  interpretations,	  given	  the	  significant	  interactions	  previously	  found	  between	  vintage	  and	   varietal,	   in	   the	   case	   of	   IBMP.	   These	   interactions	   may	   be	   to	   some	   extent	  influencing	   the	   findings	  here,	  particularly	   in	   the	   case	  of	   any	   relations	   to	   the	   IBMP	  factor.	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Figure	  6-­‐	  6	  	  PCA loadings for 2,5 – dimethyl -3- methoxypyrazine (DMMP), isopropyl methoxypyrazine (IPMP, 
secbutyl methoxypyrazine (SBMP) and isobutyl methoxypyrazine (IBMP) and  score plots for wine samples of 
different vintages from the Niagara region, obtained using methoxypyrazine data (Factors 1 and 2)	  
	  In	   Table	   6.2	   we	   present	   the	   mean	   IBMP	   concentrations	   for	   the	   years	  analyzed,	   together	   with	   the	   meteorological	   data	   for	   each	   year.	   While	   we	   see	   the	  lowest	   IBMP	   concentrations	   in	   2010,	  which	   had	   an	   very	   good	   growing	   season,	   in	  2008	   we	   have	   higher	   IBMP	   concentrations	   than	   in	   2006,	   although	   based	   on	   the	  meteorological	  data	  we	  might	  have	  expected	  otherwise.	  
This	   data	   suggests	   that	   MP	   concentrations	   in	   wines	   are	   dependent	   on	   not	  only	   one	   variable,	   but	   rather	   on	   a	   combination	   of	   factors	   (such	   as	  micro-­‐climate,	  soil,	  varietal,	  vinification	  techniques,	  yeast	  strains,	  etc),	  as	  previously	  suggested	  by	  Alberts	  and	  others	  (2009).	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Table 6- 2 Mean concentrations of isobutyl methoxypyrazine (IBMP) (± Standard 
Deviations SD) for the 2006, 2007, 2008 and 2010 for wines from the Niagara region 
Vintage	   Mean	  








2006	   8.7	  ±	  2.4	   1385	   560	   Cooler	  and	  wetter	  vintage,	  rainy	  
harvest	  season	  
2007	   8.8	  ±	  5.7	   1575	   <300	   Hot	  and	  Dry	  growing	  season	  
2008	   14.6	  ±	  9.1	   1404	   401	   Average	  growing	  season,	  wetter	  fall	  
2010	   4.8	  ±	  2.9	   1558	   445	   Exceptional	  growing	  season,	  hot	  and	  
dry	  with	  timely	  rains	  meteorological	  data	  from	  the	  Vineland	  meteorological	  station	  in	  Vineland,	  ON	  (Niagara	  Peninsula),	  Canada	  
	  
Conclusions	  
The	   results	   of	   this	   study	   confirm	   previous	   MP	   findings,	   such	   as	   range	   of	  concentrations	  for	  IBMP	  and	  SBMP,	  and	  the	  lack	  of	  a	  clear	  relationship	  between	  MP	  concentration	  in	  wines	  and	  any	  one	  particular	  factor.	  The	  IPMP	  concentration	  range	  in	   our	   wines	   is	   larger	   than	   previously	   reported	   (up	   to	   27	   ng/L).	   The	   same	  conclusions	  apply	  to	  the	  Canadian	  wine	  subset,	  described	  here	  for	  the	  first	  time	  with	  regards	  to	  MP	  composition.	  
Confirming	   previous	   findings	   from	   Botezatu	   and	   others	   (2012a),	   we	   were	  able	   to	   detect	   and	   quantify	   DMMP	   in	   a	   large	   number	   of	  wines,	  most	   of	   them	   red	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varietals.	  The	  concentrations	  at	  which	  DMMP	  was	   found	  (up	  to	  166	  ng/L)	  suggest	  that	   this	   compound	   may	   play	   an	   active	   role	   in	   the	   aroma-­‐matrix	   of	   red	   wines.	  Further	  studies	  to	  confirm	  this	  finding	  would	  be	  desirable.	  
Total	   impact	   factor	   values	   were	   significantly	   different	   between	   varietals.	  These	  values,	  rather	  than	  MP	  concentrations,	  may	  be	  better	  used	  as	  predictors	   for	  greenness	  and	  vegetative	  characteristics	  in	  wines.	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Summary	  and	  Discussion	  
The	  wine	   industry	  world-­‐wide	   brings	   in	   billions	   of	   dollars	   of	   revenue	   each	  year	  and	  wine	  quality	  is	  the	  most	  important	  aspect	  of	  wine	  production.	  Wine	  quality	  can	  be	  influenced	  by	  a	  variety	  of	  factors.	  A	  distinct	  category	  within	  these	  factors	  is	  a	  class	   of	   compounds	   called	   alkyl-­‐methoxypyrazines.	   In	   the	   past	   15	   years	  considerable	  research	  has	  focused	  on	  these	  compounds,	  as	  they	  have	  the	  potential	  to	  compromise	  wine	  quality,	  with	  limited	  prevention	  and	  remediation	  options	  being	  available	   to	   the	   industry.	   Methoxypyrazines	   are	   of	   either	   grape-­‐derived	   or	  exogenous	  nature	  in	  wines,	  but	  regardless	  of	  their	  origin	  they	  will	  negatively	  impact	  wine	   aroma	   at	   elevated	   concentrations.	   A	   constraining	   factor	   in	  methoxypyrazine	  research	  (in	  wines)	  is	  the	  concentration	  levels	  that	  these	  compounds	  are	  found	  at	  -­‐	  low	  ng/L.	  To	  be	  able	  to	  detect	  and	  accurately	  quantify	  methoxypyrazines	  in	  wines,	  one	   needs	   an	   analytical	   method	   capable	   of	   isolating	   the	   compounds	   from	   the	  extreme	  complex	  wine	  chemical	  matrix	  and	  accurately	  measuring	  them.	  
The	   first	   aim	   of	   this	   work	   was	   the	   creation	   of	   an	   analytical	   method	   that	  would	  be	  easy	  to	  implement	  (not	  require	  extensive	  sample	  handling	  or	  complicated	  extraction	   procedures),	   time	   effective	   and	   accurate	   at	   the	   concentrations	   level	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required.	  The	  method	  would	  also	  be	  effective	  at	  detecting	  and	  quantifying	  DMMP	  in	  wine.,	  making	  it	  the	  first	  reported	  analytical	  method	  capable	  of	  this.	  
	  Initially,	   three	   different	   columns	  with	   varying	   polarities	   were	   tested	   for	   a	  method	  optimization	  attempt.	  Their	  performance	  was	  evaluated	  and	   they	  were	  all	  found	   lacking	   to	   some	   degree	   in	   either	   their	   ability	   to	   properly	   separate	   the	  compounds	  of	   interest	   from	  each	  other	   (as	  was	   the	  case	  with	  SBMP	  and	   IBMP)	  or	  separate	  them	  from	  other	  chemical	  compounds,	  rendering	  quantification	  unreliable.	  Following	   the	   optimization	   attempt,	   the	   decision	   of	   creating	   a	   new	   method,	  employing	   a	   more	   sensitive	   multidimensional	   Gas	   Chromatography	   Mass	  Spectrometry	  system	  was	  taken.	  Heart	  cuts	  were	  used	  in	  order	  to	  better	  isolate	  the	  compounds	  of	  interest,	  and	  two	  columns	  were	  used	  in	  conjunction	  in	  order	  to	  have	  a	  better	   separation	  between	   the	   four	   compounds.	  The	  validation	  procedure	   showed	  that	  the	  method	  was	  reliable,	  results	  were	  reproducible	  and	  stable	  over	  time,	  with	  good	   linearity	   for	   all	   four	   compounds	   of	   interest	   and	   limits	   of	   detection	   at	   the	  desired	  levels.	  	  
This	   is	   an	   important	   step	   forward	   in	  MP	   analysis,	   allowing	   researchers	   for	  the	  first	  time	  to	  accurately	  quantify	  DMMP	  in	  wines.	  The	  efficiency	  of	  the	  method	  is	  also	  of	  practical	   importance.	  One	  analysis	   takes	  approximately	  35	  minutes,	  with	  a	  sample-­‐preparation	   time	   of	   less	   than	   3	   minutes.	   There	   are	   no	   complicated	   or	  lengthy	   extraction	   procedures.	   This	   allows	   labs	   to	   perform	  MP	   analyses	  with	   low	  labour	   costs,	  which	   translate	   into	   low	   fees	   for	  wineries	   interested	   in	   having	   their	  wines	   tested	   for	  MP	  concentrations.	   It	  also	  allows	   labs	   to	  give	   feedback	  quickly	   to	  their	   customers	   (hours	   rather	   than	   days)	   even	   for	   significant	   sample	   numbers.	   A	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fast	   response	   can	   lead	   to	   informed	  and	   time-­‐sensitive	  actions	  on	   the	  winemakers’	  part,	   which	   in	   turn	   can	   translate	   into	   increased	   wine	   quality	   and	   thus	   higher	  revenues.	  
Looking	  at	  exogenous	  sources	  of	  MPs	  in	  wines,	  the	  Harmonia	  axyridis	  beetle	  (Coccinellidae)	  had	  been	  previously	  reported	  as	  the	  main	  factor	  in	  the	  incidence	  of	  ladybug	  taint	  in	  wine,	  taint	  attributed	  to	  increased	  levels	  of	  MPs,	  specifically	  IPMP.	  	  Previous	   preliminary	   work	   from	   the	   Pickering	   lab	   suggested	   that	   another	  Coccinellidae	  species	  –	  Coccinella	  septempunctata	  (7	  spot)	  might	  also	  be	  capable	  of	  producing	   ladybug	   taint	   in	  wine.	  The	  objectives	  of	   this	  work	  were	   to	  compare	   the	  contributions	   of	   the	   two	   Coccinellidae	   species:	   Harmonia	   axyridis	   and	   Coccinella	  
septempunctata	   to	   ladybug	   taint	   in	   wines	   and	   to	   establish	   the	   most	   odor	   active	  compounds	   in	   ladybug	   tainted	   (LBT)	   wines	   through	   gas-­‐chromatography/olfactometry/mass	   spectrometry,	   using	   the	   Frequency	   of	  Detection	  (FD)	  method	  and	  the	  Aroma	  Extraction	  Dilution	  Assay	  (AEDA).	  Vidal	  and	  Cabernet	   sauvignon	   wines	   were	   fermented	   with	   and	   without	   MALB	   and	   7	   Spot	  beetles	   and	   analyzed	   through	   gas	   chromatography/olfactometry/mass	  spectrometry	   (GC	   O	   MS).	   The	   four	   methoxypyrazines:	   dimethyl	   methoxypyrazine	  (DMMP),	   isopropyl	   methoxypyrazine	   (IPMP),	   secbutyl	   methoxypyrazine	   	   (SBMP)	  and	   isobutyl	   methoxypyrazine	   (IBMP),	   previously	   found	   in	   Coccinellidae	  haemolymph,	   were	   quantified	   in	   control	   and	   treatment	   wines	   through	   multi-­‐dimensional	   gas-­‐chromatography	   mass-­‐spectrometry	   (MD-­‐GC-­‐MS).	   All	   wines	  (control	   and	   treatments)	   contained	   all	   four	   methoxypyrazines,	   and	   both	   species	  contributed	   all	   four	   methoxypyrazines	   to	   various	   degrees.	   The	   AEDA	   experiment	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showed	   that	   the	   most	   odor-­‐active	   LBT-­‐related	   compounds	   in	   MALB	   and	   7	   Spot	  tainted	  wines	  were	  IPMP,	  SBMP	  and	  IBMP.	  
From	   a	   practical	   standpoint	   this	   information	  will	   allow	   grape	   growers	   and	  winemakers	  to	  better	  monitor	  their	  vineyards	  in	  regards	  to	  the	  presence	  of	  7	  Spot	  beetles,	   and	   take	  action	   if	  beetles	  are	   found.	  The	  same	  conservative	   levels	  of	  200-­‐400	   beetles	   /	   tonne	   grapes	   or	   less	   should	   be	   maintained	   by	   grape	   growers	   and	  winemakers.	  	  	  
Following	  the	  detection	  of	  DMMP	  in	  control	  wines,	  and	  due	  to	  the	  complete	  lack	   of	   information	   on	   the	   possible	   impact	   of	   DMMP	   on	   wine	   aroma,	   further	  investigation	  in	  regards	  to	  DMMP	  human	  detection	  threshold	  and	  DMMP	  impact	  on	  wine	  aroma	  was	  undertaken.	  First,	   thresholds	  were	  determined	   for	  21	   individuals	  using	   the	   ASTM	   E679	   ascending	   forced	   choice	   method	   of	   limits.	   The	   orthonasal	  group	  best	  estimate	  threshold	  (BET)	  was	  31	  ng/L	  and	  the	  retronasal	  group	  BET	  was	  70	   ng/L.	   A	   moderate	   variation	   in	   individual	   thresholds	   was	   observed	   for	   the	  orthonasal	  modality	   (Standard	   Deviation	   (SD)	   =	   19.8)	   and	   a	   larger	   variation	  was	  noted	   for	  retronasal	   thresholds	  (SD	  =	  111.8).	   	  Secondly,	  a	  panel	  of	  eight	  assessors	  performed	   descriptive	   sensory	   analysis	   on	   three	   red	   wines	   containing	   various	  concentrations	   of	   added	  DMMP	   (0	   ng/L,	   50	   ng/L	   and	   120	   ng/L).	   Results	   showed	  significant	   changes	   in	   aroma	   characteristics	   in	   the	   120	   ng/L	   wine	   and	   smaller	  effects	   at	   the	   50	   ng/L	   level.	   Overall,	   wines	   spiked	   with	   DMMP	   generated	   lower	  intensity	   ratings	   for	   cherry	   and	   red	   berry	   descriptors	   and	   higher	   ratings	   for	  earthy/musty	   and	  green/vegetal	   descriptors.	   	  When	   considered	  with	  other	   recent	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results	  on	  DMMP	  concentrations	  found	  in	  wine,	  DMMP	  can	  be	  considered	  a	  hitherto	  undescribed	  impact	  odorant	  in	  some	  wine	  styles.	  	  	  
The	   final	   aim	   of	   this	   work	   was	   to	   determine,	   through	   a	   global	   survey	   of	  wines,	  whether	  DMMP	  is	  a	  commonly	  found	  compound	  in	  different	  varietals,	  what	  its	   range	   of	   concentrations	   is	   and	   how	   that	   speaks	   to	   the	   probability	   that	   DMMP	  might	   contribute	   to	  wine	  aroma.	  Moreover,	   IPMP,	   SBMP	  and	   IBMP	  concentrations	  were	  recorded	  and	  statistically	  analyzed	  for	  possible	  significant	  relationships	  with	  	  vintage,	  country	  of	  origin	  and	  varietal.	  
Results	  show	  that	  IPMP	  levels	  can	  be	  higher	  than	  those	  previously	  reported.	  While	  SBMP	  was	  detected	  in	  almost	  all	  wines,	  in	  the	  majority	  of	  cases	  it	  was	  below	  the	  limit	  of	  quantitation.	  DMMP	  was	  detected	  in	  49%	  of	  all	  wines,	  and	  95%	  of	  these	  were	  red	  wines.	  Concentrations	  of	  DMMP	  in	  red	  wines	  suggest	  that	  this	  compound	  may	  play	  a	  role	  in	  the	  wine	  matrix	  aroma.	  IBMP	  concentrations	  fell	  in	  the	  previously	  reported	  range.	  	  
Statistical	  analysis	  of	  the	  data	  showed	  that	  varietal	  plays	  the	  most	  important	  role	  in	  MP	  concentrations.	  No	  other	  significant	  effects	  were	  found.	  	  
Principal	   component	   analysis	   of	   a	   subset	   of	   Canadian	   wines	   reveals	   some	  relationships	   between	   vintages	   with	   various	   climatological	   conditions	   and	   MP	  concentrations,	  although	  no	  clear	  underlying	  pattern	  is	  found.	  
This	   is	   the	   first	   time	   Canadian	   wines	   were	   analyzed	   for	   all	   four	  methoxypyrazines,	   laying	   the	   foundation	   for	   further	   such	   work.	   	   Knowing	   the	  “normal”	  ranges	  of	  MPs	  in	  Canadian	  wines	  in	  several	  varietals	  will	  give	  winemakers	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a	   better	   understanding	   of	   these	   compounds	   and	   a	   more	   informed	   approach	   to	  mediating	   greenness	   characters	   associated	   with	   grape	   underripness,	   that	   can	  sometimes	  be	  challenging	  in	  a	  cool	  climate	  such	  as	  the	  Canadian	  climate.	  
A	   “Total	   impact	   factor”	   parameter	   is	   proposed	   for	  MP	  mediated	   greenness.	  This	   factor	   would	   replace	   MP	   concentrations	   in	   trying	   to	   establish	   the	   source	   of	  greenness	   in	  wines.	   	   The	   TIF	   is	   calculated	   as	   the	   sum	   of	   individual	   Odor	   Activity	  Values	   for	  each	   individual	  methoxypyrazine	   (individual	  Odor	  Activity	  Values	  were	  calculated	   as	   MP	   concentration	   divided	   by	   human	   detection	   threshhold	   value	   for	  each	  individual	  MP).	  
Conclusions	  and	  Further	  Research	  
A	   fast	  and	  reliable	  MD	  GC	  MS	  analytical	  method	  was	  created,	  validated	  and	  implemented	   for	   the	   simultaneous	   detection	   of	   DMMP,	   IPMP,	   SBMP	   and	   IBMP	   in	  wines.	  
Exogenous	  sources	  of	  MPs	  in	  wines	  were	  investigated.	  C.	  septempunctata	  was	  shown	  to	  generate	  elevated	  levels	  of	  MPs	  in	  wine,	  as	  well	  as	  sensory	  responses	  similar	  to	  those	  caused	  by	  MALB.	  The	  most	  potent	  LBT	  related	  odorants	  in	  wines	  fermented	  with	  Coccinelliade	  bugs	  were	  IPMP,	  SBMP	  and	  IBMP.	  DMMP	  was	  reported	  for	  the	  first	  time	  as	  an	  grape-­‐derived	  MP	  in	  wines.	  This	  new	  knowledge,	  in	  regards	  to	  the	  ability	  of	  C.	  septempunctata	  to	  taint	  wines,	  will	  inform	  winemakers	  and	  grape-­‐growers	  about	  the	  potential	  risk	  posed	  by	  the	  presence	  of	  these	  beetles	  in	  the	  vineyard.	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The	  DMMP	  detection	   threshold	  was	   found	   to	   be	   31	   ng/L	   in	   the	   orthonasal	  modality,	   and	  70	  ng/L	   retronasally.	  This,	   coupled	  with	   the	   results	   from	   the	  global	  wine	  survey,	  suggest	   that	  DMMP	  can	  be	  considered	  a	  hitherto	  undescribed	   impact	  odorant	  in	  some	  wine	  styles.	  	  	  
DMMP	  was	  found	  in	  a	  significant	  number	  of	  red	  wines,	  mostly	  at	  concentrations	  above	  the	  human	  detection	  threshold.	  IPMP,	  SBMP	  and	  IBMP	  were	  also	  reported	  in	  most	  of	  the	  wines	  analyzed.	  No	  clear	  relationships	  were	  found	  in	  this	  survey	  between	  any	  of	  the	  factors	  analyzed	  (other	  than	  varietal)	  or	  the	  interactions	  of	  these	  factors	  and	  MP	  concentrations.	  The	  presence	  of	  DMMP	  in	  a	  wide	  range	  of	  red	  wines	  contradicts	  one	  of	  our	  initial	  hypotheses,	  that	  DMMP	  could	  be	  used	  as	  a	  diagnostic	  tool	  for	  ladybug	  tainted	  wines.	  	  
As	  an	  alternative	  method	  of	  identifying	  wines	  suspected	  of	  LBT	  we	  would	  like	  to	  renew	  the	  hypothesis	  that	  MP	  ratios	  (IPMP/IBMP	  or	  SBMP/IPMP)	  may	  be	  used	  to	  differentiate	  between	  wines	  with	  elevated	  levels	  of	  grape-­‐derived	  MPs	  and	  wines	  with	  high	  exogenous	  levels	  of	  MPs,	  which	  was	  first	  proposed	  by	  Pickering	  and	  others	  (2007),	  where	  the	  authors	  showed	  that	  wines	  affected	  by	  LBT	  had	  higher	  IPMP/IBMP	  ratios	  than	  commercial	  (most	  likely	  non-­‐tainted)	  wines.	  Recent	  research	  has	  shown	  that	  in	  addition	  to	  higher	  IPMP	  concentrations	  in	  comparison	  to	  IBMP	  concentrations	  in	  tainted	  wines,	  we	  also	  see	  increased	  SBMP	  levels.	  Ratios	  of	  these	  MPs	  could	  be	  calculated	  for	  both	  control	  and	  tainted	  wines	  and	  could	  be	  statistically	  analyzed	  in	  order	  to	  determine	  any	  potential	  significant	  differences	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between	  groups,	  which	  would	  speak	  to	  the	  possibility	  of	  using	  these	  ratios	  as	  diagnostic	  tools	  for	  wines	  affected	  by	  LBT.	  
Future	  research	  into	  the	  human	  detection	  threshold	  for	  SBMP	  seems	  to	  be	  desirable,	  as	  SBMP	  was	  found	  in	  many	  of	  the	  wine	  samples,	  albeit	  mostly	  at	  concentrations	  below	  the	  limit	  of	  quantitation	  of	  the	  analytical	  method	  used.	  	  Increased	  levels	  of	  SBMP	  were	  also	  detected	  in	  wines	  tainted	  by	  both	  Coccinellidae	  species	  investigated.	  This	  indicates	  that	  SBMP	  may	  also	  play	  an	  active	  role	  in	  Ladybug	  taint.	  Establishing	  ortho-­‐	  and	  retro-­‐nasal	  detection	  thresholds	  for	  SBMP	  in	  wine	  and	  then	  assessing	  the	  impact	  SBMP	  has	  on	  wine	  aroma	  and	  flavour	  through	  descriptive	  analyses	  trials	  would	  be	  an	  important	  first	  step	  towards	  better	  understanding	  of	  the	  potential	  role	  this	  compound	  may	  play	  in	  wine	  aroma	  as	  well	  as	  in	  ladybug	  taint.	  If	  this	  compound	  is	  found	  to	  be	  an	  active	  contributor	  to	  the	  aroma	  profiles	  of	  ladybug	  tainted	  wines,	  remediation	  attempts	  focused	  at	  reducing	  SBMP	  concentrations	  should	  be	  investigated.	  
Also,	  sensory	  investigation	  into	  the	  perceptual	  interaction	  (synergistic	  or	  otherwise)	  effects	  of	  multiple	  MPs	  in	  wine	  at	  either	  sub-­‐	  or	  supra-­‐	  detection	  threshold	  levels,	  would	  be	  beneficial.	  Published	  literature	  shows	  that	  such	  effects	  can	  happen,	  including	  compounds	  belonging	  to	  the	  same	  chemical	  class	  (such	  as	  esters	  or	  aldehydes	  in	  wines	  or	  wine	  model	  solutions).	  Understanding	  these	  effects	  might	  help	  elucidate	  unexpected	  sensory	  responses	  to	  MP	  concentrations	  in	  wine,	  such	  as	  when	  one	  or	  more	  MP	  concentrations	  decreased,	  the	  aroma	  profile	  of	  the	  wine	  remained	  more	  or	  less	  unchanged.	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Another	  potentially	  interesting	  direction	  of	  research	  would	  be	  scrutinizing	  the	  ability	  of	  other	  classes	  of	  aroma	  compounds	  to	  mask	  the	  odors	  of	  methoxypyrazines	  in	  wines.	  In	  that	  case,	  rather	  than	  trying	  to	  decrease	  MP	  concentration	  in	  wines	  (a	  process	  which	  so	  far	  has	  not	  been	  particularly	  successful),	  winemakers	  may	  try	  to	  increase	  concentrations	  of	  masking	  compounds	  through	  fermentation	  technique,	  enzyme	  use	  or	  choice	  of	  yeast.	  Previous	  work	  from	  the	  Pickering	  lab	  (2007)	  shows	  that	  wines	  fermented	  with	  yeast	  strain	  D21	  exhibit	  lower	  intensities	  of	  unpleasant	  green	  characteristics,	  although	  MP	  concentrations	  did	  not	  decrease.	  This	  supports	  the	  supposition	  that	  masking	  effects	  may	  be	  just	  as	  efficient	  as	  remediation	  effects	  at	  lowering	  the	  undesirable	  impact	  of	  MPs	  on	  wine	  quality	  .	  
Finally,	  remediation	  options	  for	  wines	  tainted	  with	  LBT	  should	  be	  further	  investigated.	  The	  potential	  of	  plastic	  polymers	  to	  adsorb	  MP	  is	  of	  particular	  interest,	  as	  previous	  work	  from	  the	  Pickering	  lab	  has	  shown	  that	  synthetic	  closures	  were	  able	  to	  lower	  MP	  concentrations	  in	  wines.	  Testing	  a	  wide	  range	  of	  polymers	  for	  their	  ability	  to	  adsorb	  and	  remove	  MPs	  from	  wine,	  while	  minimise	  their	  interaction	  with	  desirable	  odorants	  would	  be	  a	  first	  step	  towards	  this	  goal.	  Chemical	  analyses	  would	  confirm/contradict	  the	  ability	  of	  the	  polymers	  to	  reduce	  MP	  levels	  in	  wines	  and	  sensory	  analyses	  of	  the	  treated	  wines	  will	  assess	  the	  impact	  the	  polymers	  had	  on	  the	  wine	  aroma	  and	  flavour	  profiles	  of	  the	  wines.	  Other	  potentially	  interesting	  compounds	  should	  also	  be	  analyzed,	  such	  as	  compounds	  that	  have	  a	  positive	  impact	  on	  wine	  aroma	  and	  flavour	  (esters,	  alcohols,	  acids,	  etc),	  in	  order	  to	  establish	  if	  the	  polymers	  may	  have	  a	  negative	  impact	  on	  wine	  quality;	  compounds	  that	  have	  a	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negative	  impact	  (such	  as	  fault	  compounds)	  can	  also	  be	  investigated	  in	  relation	  to	  the	  polymer	  treatments,	  allowing	  one	  to	  see	  if	  polymer	  treatments	  can	  be	  used	  for	  remediation	  of	  other	  faults	  as	  well.	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APPENDIX	  1	  	  :	  Methoxypyrazine	  (dimethyl	  	  methoxypyrazine-­‐
DMMP,	  isopropyl	  methoxypyrazine-­‐IPMP,	  secbutyl	  methoxypyrazine	  –	  
SBMP	  and	  isobutyl	  methoxypyrazine	  –	  IBMP)	  concentrations	  (ng/L)	  in	  187	  
wines	  from	  around	  the	  world	  










1 Cabernet Franc Canada 2006 0.0 7.9  ± 0.4 4.4 ± 0.2 13.4 ± 0.1 
2 Cabernet Franc Canada 2006 0.0 11.0 ± 0.2 < 4 12.8 ± 0.2 
3 Cabernet Franc USA 2006 29.1 ± 2.4 14.3 ± 1.1 < 4 16.8 ± 0.6 
4 Cabernet Franc USA 2006 0.0 15.7 ± 1.0 < 4 12.2 ± 1.0 
5 Cabernet Franc USA 2006 0.0 14.2 ± 0.4 < 4 11.6 ± 0.4 
6 Cabernet Franc Canada 2008 0.0 16.1 ± 0.4 < 4 17.1 ± 0.1 
7 Cabernet Franc Canada 2008 0.0 12.5 ± 0.6 < 4 32.1 ± 0.3 
8 Cabernet Franc Canada 2009 0.0 11.8 ± 0.7 < 4 12.9 ± 0.2 
9 Cabernet Franc Canada 2010 0.0 8.3 ± 0.5 < 4 18.9 ± 1.2 
10 Cabernet Franc Canada 2010 0.0 16.0 ± 1.4 < 4 33.4 ± 0.2 
11 Cabernet Franc Canada 2010 0.0 27.3 ± 2.5 < 4 21.7 ± 0.4 
12 Cabernet Franc New 
Zealand 
2010 0.0 8.8 ± 0.1 < 4 14.2 ± 0.1 
13 Cabernet 
Sauvignon 
Greece 2006 92.0 ± 0.7 8.2 ± 0.4 5.3 ± 0.5 19.4 ± 1.5 
14 Cabernet 
Sauvignon 
Brazil 2006 62.8 ± 1.8 9.0 ± 0.3 4.5 ± 0.3 12.0 ± 0.5 
15 Cabernet 
Sauvignon 
Chile 2006 46.9 ± 4.1 9.2 ± 1.1 5.3 ± 0.2 28.8 ± 2.4 
16 Cabernet 
Sauvignon 
USA 2006 68.6 ± 6.0 11.1 ±0.6 5.0 ± 0.4 12.0 ± 1.1 
17 Cabernet 
Sauvignon 
USA 2006 0.0 < 4 4.6 ± 0.4 13.9 ± 0.8 
18 Cabernet 
Sauvignon 
USA 2006 61.9 ± 3.0 4.3 ± 0.2 5.8 ± 0.3 19.4 ± 1.9 
19 Cabernet 
Sauvignon 
USA 2006 29.3 ± 2.4 6.9 ±0.6 5.5. ± 0.5 23.8 ± 0.1 
20 Cabernet 
Sauvignon 
Australia 2007 35.8 ± 0.7 5.4 ± 1.2 5.7 ± 0.5 51.5 ± 2.2 
21 Cabernet 
Sauvignon 
Canada 2007 87.8 ± 1.9 0.0 5.2 ± 0.2 16.2 ± 0.3 
22 Cabernet 
Sauvignon 
Canada 2007 46.3 ± 1.6 7.4 ± 0.5 5.2 ±0.1 20.1 ± 0.8 
23 Cabernet 
Sauvignon 
Argentina 2007 0.0 4.2 ± 0.3 6.2 ± 0.3 14.4 ± 0.4 
142	  
APPENDIX	  1	  -­‐	  CONTINUED	  












Argentina 2007 0.0 < 4 7.5 ± 0.4 10.4 ± 0.4 
25 Cabernet 
Sauvignon 
USA 2007 118.4 ± 5.9  6.6. ± 1.2 4.7 ± 0.4 11.9 ± 1.1 
26 Cabernet 
Sauvignon 
USA 2007 23.3 ± 2.2 6.8 ± 1.3 4.5 ± 0.1 19.2 ± 0.8 
27 Cabernet 
Sauvignon 
USA 2007 0.0 < 4 7.5 ± 0.4 15.8 ± 1.4 
28 Cabernet 
Sauvignon 
Australia 2008 143.4 
±13.6 
9.3 ± 1.1 10.3 ±0.9 30.5 ± 2.6 
29 Cabernet 
Sauvignon 
Canada 2008 75.0 ± 7.1 6.9 ± 1.7 4.1 ± 0.2 20.9 ± 1.0 
30 Cabernet 
Sauvignon 
Canada 2008 60.9 ± 5.5 7.0 ± 0.2 12.5 ± 0.6 25.1 ± 1.0 
31 Cabernet 
Sauvignon 
Canada 2008 45.0 ± 3.0 < 4 5.0 ± 0.3 13.6 ± 1.9 
32 Cabernet 
Sauvignon 
Canada 2008 39.6 ± 2.6 4.8 ± 0.3 9.3 ± 0.4 22.3 ± 1.4 
33 Cabernet 
Sauvignon 
France 2008 < 15 5.9 ±0.5 6.4 ± 0.5 34.2 ± 1.4 
34 Cabernet 
Sauvignon 
France 2008 45.2 ± 6.0 < 4 7.0 ± 0.0 14.3 ± 1.4 
35 Cabernet 
Sauvignon 
Italy 2008 118.8 ± 0.3 9.4 ± 0.4  4.9 ± 0.6 18.0 ± 0.2 
36 Cabernet 
Sauvignon 
Italy 2008 34.6 ± 4.0 5.2 ± 1.0 5.2 ± 0.1 16.5 ± 1.2 
37 Cabernet 
Sauvignon 





2008 35.7 ± 1.5 < 4 9.1 ± 0.7 22.3 ± 1.4 
39 Cabernet 
Sauvignon 
Argentina 2008 27.1 ± 1.1 5.8 ± 0.7 7.5 ± 0.6 23.9 ± 1.3 
40 Cabernet 
Sauvignon 
Brazil 2008 80.5 ± 7.9 4.7 ± 0.4 5.0 ±0.6 18.9 ± 0.9 
41 Cabernet 
Sauvignon 
Chile 2008 66.0 ± 0.5 4.7 ± 0.4 < 4 25.4 ± 1.6 
42 Cabernet 
Sauvignon 
Chile 2008 72.3 ± 5.7 9.4 ±0.6 5.8 ± 0.5 25.9 ± 1.4 
43 Cabernet 
Sauvignon 
Chile 2008 < 15 < 4 4.0 ± 0.2 25.0 ± 2.1 
44 Cabernet 
Sauvignon 
Canada 2009 50.8 ± 4.9 5.7 ± 1.3 5.6 ± 0.5 28.6 ± 1.4 
45 Cabernet 
Sauvignon 
Spain 2009 83.0 ± 7.7 6.4 ± 1.2 4.9 ± 0.1 30.5 ± 2.9 
46 Cabernet 
Sauvignon 
Chile 2009 80.6 ±3.8  6.5 ± 1.7 < 4 21.3 ± 0.9 
47 Cabernet 
Sauvignon 
Canada 2010 97.0 ± 0.6 5.4 ± 1.5 4.6 ± 0.3 29.3 ± 1.3 
48 Cabernet 
Sauvignon 
Canada 2010 56.4 ± 1.8 < 4 4.9 ± 0.2 36.7 ± 0.1 
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Australia 2005 155.4 ± 1.7 10.3 ±1.2 4.9 ± 0.4 6.0 ± 0.2 
50 Cabernet 
Sauvignon 
Australia 2003 59.2 ± 4.5 < 4 9.8 ±0.0 27.0 ± 2.0 
51 Cabernet 
Sauvignon 
Australia 2004 62.6 ± 0.5 < 4 4.0 ±  0.5 32.6 ± 2.8 
52 Cabernet 
Sauvignon 
USA 2005 73.5 ± 4.8 10.2 ± 0.6 5.1 ± 0.3 19.7 ± 1.0 
53 Cabernet 
Sauvignon 
USA 2005 39.0 ± 0.4 6.3 ± 0.7 5.6 ± 0.4 40.9 ± 3.0 
54 Cabernet 
Sauvignon 
USA 2001 53.6 ± 3.9 9.5 ± 0.1 5.5 ± 0.2 11.5 ± 0.2 
55 Cabernet 
Sauvignon 
USA 2005 57.0 ± 5.5 8.9 ± 0.3 5.5 ± 0.1 20.1 ± 1.9 
56 Cabernet 
Sauvignon 
Australia Unknown 107.2 ± 3.7 12.0 ± 0.0 4.0 ± 0.4 21 ± 1.9 
57 Cabernet 
Sauvignon 
Australia Unknown 74.0 ±6.0 15.1 ± 2.2 8.9 ± 0.7 47.5 ± 2.0 
58 Cabernet 
Sauvignon 
Australia Unknown 84.3 ± 0.0 5.3 ± 0.9 6.0 ± 0.2 19.8 ± 0.5 
59 Cabernet 
Sauvignon 
Italy Unknown 37.2 ± 3.8 < 4 8.7 ± 0.4 24.3 ± 0.2 
60 Chardonnay Canada 2007 0.0 5.3 ± 0.6 < 4 5.5 ± 0.4 
61 Chardonnay Canada 2007 0.0 5.4 ± 0.9 < 4 < 4 
62 Chardonnay Canada 2007 0.0 5.2 ± 0.6 4.9 ± 0.6 5.1 ± 0.2 
63 Chardonnay South 
Africa 
2007 0.0 10.4 ± 1.0 < 4 0.0 
64 Chardonnay Austria 2007 0.0 7.3 ±.3 4.1 ± 0.1 < 4 
65 Chardonnay USA 2007 0.0 < 4 5.1 ± 0.6 0.0 
66 Chardonnay Canada 2008 0.0 4.1 ± 0.6 < 4 8.0 ± 0.0 
67 Chardonnay Canada 2008 0.0 7.2 ± 1.1 < 4 12.4 ± 0.5 
68 Chardonnay South 
Africa 
2008 0.0 7.2 ± 0.0 <4 8.7 ± 1.1 
69 Chardonnay France 2008 0.0 4.6 ± 0.1 4.7 ± 0.2 5.6 ± 0.6 
70 Chardonnay New 
Zealand 
2008 0.0 < 4 < 4 8.9 ± 0.7 
71 Chardonnay New 
Zealand 
2008 0.0 6.3 ± 0.5 < 4 4.7 ± 0.1 
72 Chardonnay Chile 2008 0.0 4.5 ± 0.3 < 4 5.9 ± 0.0 
73 Chardonnay Canada 2009 0.0 < 4 < 4 0.0 
74 Chardonnay Canada 2009 0.0 7.3 ± 0.0 < 4 0.0 
75 Chardonnay Canada 2009 0.0 6.6 ± 1.0 < 4 7.4 ± 0.1 
76 Chardonnay Canada 2009 0.0 5.9 ± 0.0 < 4 6.8 ± 0.1 
77 Chardonnay Italy 2009 0.0 7.0 ± 0.7 < 4 5.5 ± 0.0 
78 Chardonnay Canada 2010 0.0 8.4 ± 0.7 8.8. ± 1.1 0.0 
79 Chardonnay Canada 2010 0.0 < 4 < 4 11.9 ±0.1 
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80 Chardonnay Canada 2010 0.0 < 4 < 4 6.4 ± 0.1 
81 Chardonnay Canada 2010 0.0 6.9 ± 0.3 < 4 4.1 ± 0.1 
82 Chardonnay Canada 2010 0.0 5.9 ± 1.3 < 4 8.1 ± 0.9 
83 Chardonnay Canada 2010 0.0 4.5 ± 0.8 < 4 < 4 
84 Chardonnay Bulgaria Unknown 0.0 6.5 ± 1.6 < 4 7.5 ± 0.3 
85 Merlot Italy 2006 126.1 ± 3.4 12.8 ± 1.4 < 4 17.2 ± 0.9 
86 Merlot Canada 2006 0.0 13.7 ± 1.9 8.6 ± 0.3 8.4 ± 0.6 
87 Merlot Australia 2007 111.4 ± 9.0 16.6 ± 1.5 < 4 10.6 ± 0.4 
88 Merlot Italy 2007 73.3  0.8 8.2 ± 0.4 < 4 8.0 ± 0.5 
89 Merlot Argentina 2007 18.8 ± 0.6 8.0 ± 0.9 8.5 ± 0.2 8.2 ± 0.4 
90 Merlot Canada 2007 54.1 ± 0.7 22.5 ± 2.8 7.0 ± 0.5 10.0 ± 0.4 
91 Merlot Canada 2007 78.5 ± 3.4 9.8 ± 1.2 < 4 15.4 ± 0.9 
92 Merlot Canada 2007 111.4 ± 
11.7 
12.7 ± 1.6 < 4 15.9 ± 0.1 
93 Merlot Canada 2007 0.0 12.0 ± 0.5 < 4 10.5 ± 0.0 
94 Merlot Canada 2007 37.1 ± 3.3 11.3 ± 1.4 < 4 10.1 ± 0.7 
95 Merlot Greece 2008 0.0 14.6 ± 1.6 4.1 ± 0.6 5.1 ± 0.4 
96 Merlot Chile 2008 41.3 ± 6.3 13.0 ± 1.1 < 4 14.4 ±0.7 
97 Merlot France 2008 39.7 ± 0.5 11.7 ± 1.5 < 4 11.7 ± 0.6 
98 Merlot France 2009 51.1 ± 1.6 9.4 ± 0.3 < 4 10.5 ± 1.0 
99 Merlot Israel 2009 96.5 ± 5.7 21.7 ± 1.2 < 4 17.9 ± 1.0 
100 Merlot New 
Zealand 
2009 55.3 ± 0.3 23.5 ± 0.4 < 4 9.7 ± 0.6 
101 Merlot Canada 2010 57.7 ± 3.7 8.4 ± 0.9 < 4 9.8 ± 0.5 
102 Merlot Italy 2005 166.3 ± 3.4 12.6 ± 0.3 4.1 ± 0.2 11.7 ± 0.2 
103 Merlot USA 2005 91.6 ± 1.9 15.4 ± 2.7 < 4 11.8 ± 1.1 
104 Merlot Canada 2005 62.8 ± 3.2 7.6 ± 0.2 4.5 ± 0.2 14.8 ± 1.3 
105 Merlot Canada 2002 107.6 ± 3.3 13.1 ± 1.6 9.6 ± 1.0 14.1 ±1.1 
106 Merlot Italy Unknown 120.6 ± 1.3 8.1 ± 1.8 < 4 13.8 ± 1.5 
107 Merlot France Unknown 43.9 ± 1.0 < 4 < 4 10.6 ± 0.5 
108 Pinot Noir Australia 2008 15.8 ± 0.9 4.9 ± 0.2 4.9 ± 0.2 6.1 ± 0.2 
109 Pinot Noir France 2006 43.6 ± 2.3 13.5 ± 1.8 4.7 ± 0.0 8.8 ± 0.8 
110 Pinot Noir Canada 2006 16.2 ± 1.8 7.8 ± 0.5  < 4 8.9 ± 0.8 
111 Pinot Noir France 2007 < 15 7.9 ± 0.6 < 4 6.2 ± 0.4 
112 Pinot Noir Canada 2007 < 15 5.1 ± 0.0 4.7 ± 0.2 5.5 ± 0.5 
113 Pinot Noir Canada 2007 33.8 ± 1.5 < 4 < 4 8.8 ± 0.7 
114 Pinot Noir Canada 2007 20.1 ± 2.3 11.4 ± 0.5 4.0 ± 0.4 7.3 ± 0.5 
115 Pinot Noir USA 2007 70.7 ± 4.5 4.7 ± 0.6 < 4 7.0 ± 0.5 
116 Pinot Noir USA 2007 69.7 ± 6.0 13.3 ± 0.8 4.6 ± 0.0 < 4 
117 Pinot Noir France 2008 42.8 ± 1.3 11.9 ± 0.9 < 4 7.9 ± 0.4 
118 Pinot Noir Canada 2008 0.0 < 4 6.2 ± 0.3 7.5 ± 0.5 
119 Pinot Noir Canada 2008 162.7 ± 9.9 7.5 ± 0.7 < 4 9.2 ± 0.2 
120 Pinot Noir Argentina 2008 0.0 5.2 ± 0.7 < 4 5.0 ± 0.1 
121 Pinot Noir Chile 2008 58.2 ± 1.0 6.8 ± 0.7 < 4 9.2 ± 0.0 
122 Pinot Noir USA 2008 50.8 ± 1.8 6.7 ± 0.7 < 4 7.5 ± 0.2 
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123 Pinot Noir New 
Zealand 
2009 < 15 7.7 ± 0.8 < 4 9.0 ± 0.6 
124 Pinot Noir Canada 2009 < 15 10.6 ± 0.1 < 4 8.3 ± 0.6 
125 Pinot Noir Canada 2009 < 15 5.9 ± 0.6 < 4 6.3 ± 0.3 
126 Pinot Noir Canada 2009 23.4 ± 0.1 15.7 ± 0.8 5.6 ± 0.7 8.9 ± 0.7 
127 Pinot Noir Canada 2009 0.0 5.0 ± 0.3 < 4 8.2 ± 0.5 
128 Pinot Noir Canada 2009 0.0 < 4 5.1 ± 0.2 < 4 
129 Pinot Noir Canada 2009 0.0 6.2 ± 0.4 < 4 5.5 ± 0.1 
130 Pinot Noir Canada 2009 0.0 5.9 ± 0.1 < 4 10.3 ± 0.3 
131 Pinot Noir Canada 2009 0.0 5.6 ± 0.5 < 4 8.9 ± 0.2 
132 Pinot Noir Canada 2009 0.0 5.2 ± 0.4 < 4 8.5 ± 0.4 
133 Pinot Noir Canada 2010 0.0 5.6 ± 0.0 5.4 ± 0.6 11.2 ± 0.2 
134 Pinot Noir Canada 2010 0.0 < 4 4.8 ± 0.0 8.8 ± 0.7 
135 Pinot Noir Canada Unknown 0.0 13.6 ± 2.7 4.8 ± 0.5 7.3 ± 0.4 
136 Pinot Noir New 
Zealand 
Unknown < 15 8.4 ± 0.5 5.5 ± 0.5 4.2 ± 0.4 
137 Pinot Noir Canada Unknown 0.0 10.9 ± 0.9 < 4 7.3 ± 0.5 
138 Pinot Noir Canada Unknown 0.0 6.6 ± 0.5 6.5 ± 0.9 8.9 ± 0.1 
139 Riesling Canada 2007 0.0 0.0 < 4 8.1 ± 0.6 
140 Riesling Canada 2008 0.0 < 4 0.0 < 4 
141 Riesling Germany 2008 0.0 < 4 < 4 6.1 ± 0.6 
142 Riesling Israel 2009 0.0 < 4 < 4 12.8 ± 1.3 
143 Riesling Canada 2009 0.0 < 4 < 4 7.6 ± 0.5 
144 Riesling Canada 2009 0.0 < 4 < 4 < 4 
145 Riesling Australia 2010 20.8 ± 4.2 < 4 < 4 5.7 ± 0.3 
146 Riesling Canada 2010 0.0 < 4 < 4 < 4 
147 Riesling Canada 2010 0.0 < 4 < 4 6.9 ± 0.0 
148 Riesling Canada 2010 0.0 < 4 < 4 < 4 
149 Riesling Canada 2010 0.0 < 4 < 4 < 4 
150 Riesling Canada 2010 0.0 < 4 < 4 < 4 
151 Riesling Canada 2010 0.0 < 4 < 4 8.0 ± 0.7 
152 Riesling Canada < 2006 0.0 < 4 < 4 7.0 ± 0.4 
153 Riesling France Unknown 0.0 < 4 < 4 6.5 ± 0.1 
154 Riesling Germany Unknown 0.0 < 4 < 4 9.5 ±0.2 
155 Sauvignon Blanc Canada 2006 0.0 < 4 < 4 29.5 ± 2.6 
156 Sauvignon Blanc USA 2006 34.6 ± 1.9 4.7 ± 0.6  < 4 9.3 ± 0.9 
157 Sauvignon Blanc Canada 2007 0.0 8.7 ± 0.7 4.6 ± 0.1 18.8 ± 0.9 
158 Sauvignon Blanc Argentina 2007 0.0 12.7 ± 1.0 < 4 7.0 ± 0.4 
159 Sauvignon Blanc Australia 2008 < 15 9.3 ± 1.7 < 4 8.5 ± 0.9 
160 Sauvignon Blanc Australia 2008 0.0 9.7 ± 1.2 < 4 5.4 ± 0.3 
161 Sauvignon Blanc Canada 2008 0.0 5.6 ± 0.0 < 4 4.0 ± 0.0 
162 Sauvignon Blanc Canada 2008 0.0 6.0 ± 1.1 < 4 6.8 ± 0.6 
163 Sauvignon Blanc France 2008 0.0 7.8 ± 1.2 < 4 5.5 ± 0.2 
164 Sauvignon Blanc France 2008 0.0 0.0 5.2 ± 0.1 7.8 ± 1.4 
165 Sauvignon Blanc France 2008 0.0 < 4 < 4 8.1 ± 0.8 
166 Sauvignon Blanc Greece 2008 0.0 5.4 ± 0.1 < 4 4.7 ± 0.0 
167 Sauvignon Blanc New Zealand 2008 0.0 < 4 < 4 < 4 
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168 Sauvignon Blanc New 
Zealand 
2008 0.0 8.3 ± 1.2 < 4 5.6 ± 0.0 
169 Sauvignon Blanc Chile 2008 0.0 8.4 ± 0.9 4.3 ± 0.3 18.2 ± 0.7 
170 Sauvignon Blanc USA 2008 < 15 5.1 ± 0.8 < 4 8.2 ± 0.1 
171 Sauvignon Blanc Australia 2009 0.0 6.5 ± 0.3 7.0 ± 0.4 4.5 ± 0.1 
172 Sauvignon Blanc New 
Zealand 
2009 0.0 < 4 < 4 7.7 ± 0.1 
173 Sauvignon Blanc New 
Zealand 
2009 0.0 5.8 ± 0.6 6.2 ± 1.0  6.8 ± 0.4 
174 Sauvignon Blanc South 
Africa 
2009 < 15 10.8 ± 1.7 < 4 11.1 ± 1.0 
175 Sauvignon Blanc Argentina 2009 0.0 9.1 ± 1.5 4.7 ± 0.3 5.5 ± 0.5 
176 Sauvignon Blanc Chile 2009 0.0 < 4 < 4 5.0 ± 0.0 
177 Sauvignon Blanc Chile 2009 0.0 < 4 < 4 4.4 ± 0.0 
178 Sauvignon Blanc Australia 2010 0.0 7.2 ± 1.0 < 4  14.3 ± 
0.3 
179 Sauvignon Blanc Canada 2010 0.0 6.9 ± 0.2 < 4 7.0 ± 0.5 
180 Sauvignon Blanc Canada 2010 0.0 7.6 ± 1.1 < 4 < 4 
181 Sauvignon Blanc Canada 2010 0.0 < 4 < 4 7.1 ± 0.5 
182 Sauvignon Blanc Greece 2010 24.3 ± 1.2 4.9 ± 0.9 < 4 6.0 ± 0.6 
183 Sauvignon Blanc South 
Africa 
2010 17.6 ± 0.3 10.1 ± 1.6 < 4 20.2 ± 0.3 
184 Sauvignon Blanc South 
Africa 
Unknown 0.0 13.7 ± 0.0 < 4 54.3 ± 4.8 
185 Sauvignon Blanc Canada Unknown 0.0 9.7 ± 0.3 < 4 11.0 ± 0.9 
186 Sauvignon Blanc Canada Unknown 0.0 4.2 ± 0.9 < 4 10.4 ± 0.6 
187 Sauvignon Blanc Canada Unknown 0.0 0.0 < 4 6.5 ± 0.8 
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F1	  (44.92	  %)	  
Observa_ons	  (axes	  F1	  and	  F2:	  69.42	  %)	  
*-­‐Cabernet	  Sauvignon	   *-­‐Cabernet	  Franc	   *-­‐Chardonnay	   *-­‐Merlot	  	  
*-­‐Pinot	  Noir	   *-­‐Riesling	   *-­‐Sauv	  blanc	  	   Centroids	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  3	  :	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INFORMATION	  STATEMENT	  AND	  CONSENT	  FORM	  
Name	   of	   Research	   Project:	   Identification	   of	   ladybug	   taint	   causing	  compounds	   through	   the	   use	   of	   Gas	   Cromatography	   –	   Mass	   Spectrometry	   -­‐	  Olfactometry	  
Department/Institute:	  Brock	  University;	  Department	  of	  Biological	  Science/	  Cool	  Climate	  Oenology	  and	  Viticulture	  Institute	  
Principal	  Investigator	  and	  Supervisor:	  Dr.	  Gary	  Pickering,	  Professor,	  Dept.	  of	   Biological	   Sciences,	   Brock	   University,	   (905)	   688-­‐5550	   ext:	   4715,	  gpickering@brocku.ca	  
Principal	   Student	   Investigator:	   Ms.	   Andreea	   Botezatu,	   PhD	   Candidate,	  Dept.	   of	   Biological	   Sciences,	   Brock	   University,	   (905)	   688-­‐5550	   ext:	   4719,	  ab08dj@brocku.ca	  
The	   Project:	  This	   study	   is	   aimed	   at	   determining	   the	   causal	   compounds	   of	  Ladybug	   Taint	   through	   the	   use	   of	   Gas	   Chromatography	   –	   Mass	   Spectrometry	   -­‐	  Olfactometry	   .	   	  Our	  lab	  is	  focusing	  on	  this	  work	  because	  Ladybug	  Taint	  has	  caused	  serious	  financial	  problems	  for	  winemakers	  around	  the	  globe	  in	  the	  past	  10	  years	  as	  well	   as	   a	   decrease	   in	   wine	   quality	   during	   the	   affected	   years.	   	   Once	   the	   causal	  compounds	   are	   identified	   and	   confirmed	   further	   research	   can	   focus	   on	   targeted	  remediation	  options.	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The	  Procedure:	  You	  are	  invited	  to	  participate	  in	  this	  study!	  
In	   this	   study,	   you	  will	   first	   be	   trained	   to	   correctly	   identify	   the	   aromas	   that	  characterize	   ladybug	   taint.	   You	   will	   also	   fill-­‐out	   questionnaires	   about	   health,	  demographics,	   and	  wine	   involvement.	   	   If	   you	  are	  a	   suitable	   candidate,	   you	  will	  be	  asked	  to	  come	  back	  for	  further	  testing.	  	  	  
If	   asked	   back,	   you	   will	   be	   asked	   to	   record	   and	   label	   the	   aromas	   linked	   to	  Ladybug	  Taint	  in	  various	  wines,	  through	  the	  use	  of	  an	  Olfactometer.	  None	  of	  these	  procedures	  are	  in	  any	  way	  harmful	  to	  you.	  There	  are	  also	  a	  few	  questions	  that	  you	  will	   be	   asked	   to	   complete	   regarding	   your	   health.	   All	   data	   collected	   is	   strictly	  confidential.	  
Benefits/Risks	  :	  This	  research	  will	  contribute	  significantly	   to	  a	  need	   in	   the	  literature	  determine	  the	  causal	  compounds	  for	  ladybug	  taint.	  Traditionally,	  ladybug	  taint	   has	   been	   attributed	   to	  methoxypyrazines,	   but	   no	   olfactometry	   study	   on	   LBT	  tainted	  wines	  has	  been	  performed	  so	  far.	  Such	  a	  study	  will	  allow	  researchers	  to	  see	  clearly	  the	  connection	  between	  the	  specific	  aromas	  and	  their	  causal	  compounds.	  	  	  
You	   will	   learn	   to	   identify	   ladybug	   taint	   in	   wines	   You	   will	   also	   experience	  using	  the	  olfactometry	  port	  of	  the	  GS-­‐MS-­‐O	  system	  .	  	  
The	  expected	  risks	  are	  no	  great	  than	  those	  encountered	  in	  normal	  daily	  food	  and	  beverage	  consumption.	  	  
Voluntary	  Participation:	  You	  are	  free	  to	  withdraw	  your	  participation	  in	  the	  research	   at	   any	   time,	   and	   if	   you	   do,	   any	   data	   collected	   from	  will	   immediately	   be	  destroyed.	  You	  will	  not	  be	  subjected	  to	  any	  penalty	  or	  discriminatory	  treatment.	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Responsibilities:	   You	   need	   only	   to	   schedule	   12	   blocks	   of	   time	   (30	  minutes	  each	  time)	  to	  come	  to	  CCOVI	  at	  Brock	  University.	  Mutually	  convenient	  times	  will	  be	  negotiated	  with	  you.	  	  
Publication of Results: It	   is	   expected	   that	   the	   results	   of	   this	   study	   will	   be	  published,	   in	   academic	   journals	   and	   presented	   at	   conferences.	   Please	   feel	   free	   to	  contact	  Dr	  Pickering	  at	  any	  time	  should	  any	  questions	  arise,	  or	   for	   information	  on	  the	  progress	  or	  results	  of	  the	  study.	  
Confidentiality: All	  data	  will	  be	  confidential,	  individual	  identities	  will	  not	  be	  disclosed	  to	  anyone	  outside	  of	  the	  research	  team.	  Paper	  data	  collected	  in	  this	  study	  will	   be	   will	   be	   retained	   for	   7	   years.	   It	   will	   be	   stored	   in	   a	   locked,	   private	   area	  accessible	   only	   to	   Dr	   Pickering.	   An	   electronic	   copy	   of	   the	   data	   will	   be	   retained	  indefinitely	  in	  case	  further	  analysis	  is	  warranted.	  Dr	  Pickering	  may	  use	  the	  data	  for	  recruiting	  purposes	  for	  further	  sensory	  research	  in	  this	  lab.	  	  	  
Ethics	   Clearance:	   This	   study	   has	   not	   been	   approved	   but	   clears	   this	  application	  for	  ethics	  review	  (file	  #_).	  	  If	  you	  have	  any	  comments	  or	  concerns	  about	  your	   rights	   as	   a	   research	   participant,	   please	   contact	   the	   Research	   Ethics	  Office	   at	  (905)	  688-­‐5550	  Ext.	  3035,	  reb@brocku.ca.	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Consent:	   The	  purpose	   of	   the	   research	  has	   been	   explained	   to	  me,	   including	  the	  potential	  risks/discomforts	  associated	  with	  the	  research.	  	  I	  have	  also	  been	  given	  the	   opportunity	   to	   ask	   questions	   about	   the	   research	   and	   received	   satisfactory	  answers,	   and	   know	   that	   I	  may	   continue	   to	   ask	   questions	   and	   receive	   satisfactory	  answers	  throughout	  the	  study.	  
I	  understand	  that	  I	  am	  free	  to	  withdraw	  my	  participation	  in	  the	  research	  at	  any	   time	   and	   that	   if	   I	   do	   I	  will	   not	   be	   subjected	   to	   any	   penalty	   or	   discriminatory	  treatment.	  	  I	  also	  understand	  my	  participation	  in	  this	  project	  is	  on	  a	  voluntary	  basis,	  and	   no	   remuneration	   will	   be	   provided	   by	   Brock	   University	   in	   exchange	   for	   my	  participation.	  	  I	  understand	  that	  I	  must	  expectorate	  wine	  samples	  following	  tasting,	  and	  that	  failure	  to	  comply	  with	  this	  will	  cause	  me	  to	  immediately	  withdraw	  from	  the	  study.	  
I	  understand	  that	  any	  information	  or	  personal	  details	  gathered	  in	  the	  course	  of	  this	  research	  about	  me	  are	  confidential	  and	  that	  neither	  my	  name	  nor	  any	  other	  identifying	  information	  will	  be	  used	  or	  published	  without	  my	  written	  permission.	  
The	  Brock	  University	  Research	  Ethics	  Board	  does	  not	  approve	  but	  clears	  this	  application	  for	  ethics	  review	  (file	  #	  _).	  
I	  understand	  that	  if	  I	  have	  any	  complaints	  or	  concerns	  about	  this	  research	  I	  can	  contact:	  








Please	   check	   this	   box	   if	   WILL	   NOT	   allow	   us	   to	   safely	   retain	   your	   contact	   information	   and	  
demographic	   details	   in	   order	   to	   recruit	   you	   for	   future	   sensory	   studies	   performed	   by	   the	  
Pickering	  lab.	  	  As	  with	  all	  of	  our	  research,	  your	  participation	  is	  completely	  voluntary.	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INFORMATION	  STATEMENT	  AND	  CONSENT	  FORM	  
Name	   of	   Research	   Project:	   Determination	   of	   olfactory	   threshold	   for	  dimethyl	  methoxypyrazine	  (DMMP)	  in	  wine	  
Department/Institute:	  Brock	  University;	  Department	  of	  Biological	  Science/	  Cool	  Climate	  Oenology	  and	  Viticulture	  Institute	  
Principle	   Investigator:	   	   Dr.	   Gary	   Pickering,	   Professor,	   Dept.	   of	   Biological	  Sciences,	  Brock	  University,	  (905)	  688-­‐5550	  ext:	  4715,	  gpickering@brocku.ca	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The	  Project:	  This	   study	  will	   determine	   the	   sensory	   threshold	   for	  DMMP	   in	  wine.	  DMMP	  has	   been	   identified	   as	   a	   potential	   contributing	   compound	   to	   the	   wine	   ‘off-­‐flavor’	  known	  as	   ‘ladybug	   taint’	   (its	   smell	   is	   reminiscent	   of	   crushed	   ladybugs).	   This	   taint	  has	  been	  detected	  in	  Ontario	  wines,	  often	  at	  high	  frequency	  such	  as	  in	  the	  2001	  and	  2003	   vintages,	   and	   has	   been	   identified	   by	   the	   industry	   as	   a	   serious	   threat	   to	   its	  continued	  viability.	  
DMMP	  has	  also	  been	  recently	  reported	  in	  wines	  not	  affected	  by	  ladybug	  taint,	  suggesting	   it	   is	   a	   naturally	   occurring	   compound	   in	   grapes	   and	   wines.	   It	   has	   an	  earthy/peanut	  smell.	  
Determination	   of	   the	   concentration	   at	   which	   this	   compound	   is	   detected	  sensorally	   is	   important	   in	   allowing	   us	   to	   understand	   its	   potential	   contribution	   to	  wine	  aroma/flavor.	  
The	  Procedure:	  
You	  are	  invited	  to	  participate	  in	  this	  study!	  	  Participants	  must	  be	  of	  legal	  drinking	  age	  (at	  least	  19	  years	  old).	  Participants	  must	  not	  have	  consumed	  any	  alcohol	  on	  the	  day	  of	  the	  study.	  Participants	  must	  not	  be	   pregnant,	   allergic	   to	   alcohol	   or	   have	   any	   medical	   reason	   for	   abstaining	   from	  alcohol.	  
You	   will	   fill-­‐out	   questionnaires	   about	   health,	   demographics,	   and	   wine	  involvement.	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You	  will	  then	  be	  given	  5	  sets	  of	  3	  glasses	  (=	  1	  ‘set’)	  containing	  wine.	  For	  each	  set	   you	  will	   be	   asked	   simply	   to	   identify	  which	   one	   is	   the	   ‘odd’	   one	   (2	  will	   be	   the	  same	  and	  1	  will	  be	  different).	  
This	  procedure	  will	  be	  repeated	  three	  more	  times	  at	  different	  sessions.	  
Benefits/Risks	  
The	  expected	  benefits:	  	  This	  research	  will	  contribute	  to	  basic	  science	  with	  respect	  to	  establishing	  
group	   thresholds	   and	   the	   distribution	   of	   individual	   thresholds	   for	   DMMP	   in	   wine.	   By	  
investigating	   DMMP	   detection	   threshold	   in	   wine,	   we	   will	   be	   able	   to	   determine	   whether	   this	  
compound	  plays	  an	  active	  role	  in	  wine	  aroma	  and	  flavor.	  	  
You	   will	   also	   be	   able	   to	   learn	   what	   your	   own	   DMMP	   threshold	   is	   in	   wine,	   and	   gain	   an	  
understanding	  of	  the	  methods	  used	  in	  psychophysical	  research.	  	  
The	   expected	   risks	   are	   no	   great	   than	   those	   encountered	   in	   normal	   daily	   food	   and	   beverage	  
consumption.	  	  	  
Voluntary	  Participation:	  You	  are	  free	  to	  withdraw	  your	  participation	  in	  the	  research	  at	  any	  time,	  and	  if	  you	   do,	   any	   data	   collected	   from	  will	   immediately	   be	   destroyed.	   	   You	   will	   not	   be	  subjected	   to	   any	   penalty	   or	   discriminatory	   treatment	   and	   your	   name	  will	   still	   be	  included	  for	  the	  gift	  certificate	  draw.	  
Responsibilities: You	  need	  only	  schedule	  4-­‐6	  blocks	  of	  time	  (20-­‐30	  min	  each	  time)	  to	  come	  to	  the	  Sensory	  Lab	  at	  Brock	  University.	  Mutually	  convenient	   times	  will	  be	  negotiated	  with	  you.	  
Publication	  of	  Results	  
It	   is	   expected	   that	   the	   results	   of	   this	   study	   will	   be	   published,	   in	   academic	  journals	  and	  presented	  at	  conferences.	  Please	  feel	  free	  to	  contact	  Dr	  Pickering	  at	  any	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time	  should	  any	  questions	  arise,	  or	  for	  information	  on	  the	  progress	  or	  results	  of	  the	  study.	  
Confidentiality All	   data	   will	   be	   confidential,	   individual	   identities	   will	   not	   be	   disclosed	   to	  anyone	  outside	  of	  the	  research	  team.	  Paper	  data	  collected	  in	  this	  study	  will	  be	  will	  be	  retained	  for	  7	  years.	  It	  will	  be	  stored	  in	  a	  locked,	  private	  area	  accessible	  only	  to	  Dr	   Pickering.	   An	   electronic	   copy	   of	   the	   data	   will	   be	   retained	   indefinitely	   in	   case	  further	  analysis	  is	  warranted.	  Dr	  Pickering	  may	  use	  the	  data	  for	  recruiting	  purposes	  for	  further	  sensory	  research	  in	  this	  lab.	  	  	  
Ethics Clearance: This	   study	   has	   been	   reviewed	   and	   received	   ethics	   clearance	   through	   the	  Research	  Ethics	  Board	  at	  Brock	  University	  (11-158 - PICKERING).	  If	  you	  have	  any	  comments	   or	   concerns	   about	   your	   rights	   as	   a	   research	  participant,	   please	   contact	  the	  Research	  Ethics	  Office	  at	  (905)	  688-­‐5550	  Ext.	  3035,	  reb@brocku.ca.	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Consent: The	   purpose	   of	   the	   research	   has	   been	   explained	   to	   me,	   including	   the	  potential	  risks/discomforts	  associated	  with	  the	  research.	  	  I	  have	  also	  been	  given	  the	  opportunity	  to	  ask	  questions	  about	  the	  research	  and	  received	  satisfactory	  answers,	  and	   know	   that	   I	   may	   continue	   to	   ask	   questions	   and	   receive	   satisfactory	   answers	  throughout	  the	  study.	  
I	  understand	  that	  I	  am	  free	  to	  withdraw	  my	  participation	  in	  the	  research	  at	  any	   time	   and	   that	   if	   I	   do	   I	  will	   not	   be	   subjected	   to	   any	   penalty	   or	   discriminatory	  treatment.	  	  I	  also	  understand	  my	  participation	  in	  this	  project	  is	  on	  a	  voluntary	  basis,	  and	   no	   remuneration	   will	   be	   provided	   by	   Brock	   University	   in	   exchange	   for	   my	  participation.	  
I	  understand	  that	  any	  information	  or	  personal	  details	  gathered	  in	  the	  course	  of	  this	  research	  about	  me	  are	  confidential	  and	  that	  neither	  my	  name	  nor	  any	  other	  identifying	  information	  will	  be	  used	  or	  published	  without	  my	  	  
This	   study	   has	   been	   reviewed	   and	   approved	   by	   the	   Brock	   University	  Research	  Ethics	  Board.	  
I	  understand	  that	  if	  I	  have	  any	  complaints	  or	  concerns	  about	  this	  research	  I	  can	  contact:	  
Research	  Ethics	  Officer,	  Office	  of	  Research	  Services,	  Brock	  University,	  Ph:	  905	  688	  5550,	  ext:	  3035;	  reb@brocku.ca	  
Your Name: 
...................................................................................................................................... 










Please	   check	   this	   box	   if	   you	   ARE	   NOT	   interested	   in	   being	   contacted	   to	   participate	   in	   future	  






APPENDIX	  4:	  INSTRUCTIONS	  TO	  PARTICIPANTS	  (AROMA)	  
(CHAPTER	  5)	  





Instructions	  to	  participants	  In	  front	  of	  you	  are	  five	  flights	  of	  three	  samples	  of	  wine	  labeled	  with	  	  3-­‐digit	  codes.	  Two	  samples	  of	  each	  flight	  are	  the	  same	  and	  one	  is	  different.	  
Please	   smell	   each	   sample	   in	   the	  order	  given	  below	   (from	   left	   to	   right),	   and	  circle	   the	   code	   that	   corresponds	   to	   the	   sample	   that	   is	  DIFFERENT	   from	   the	   other	  two.	  
You	  must	  choose	  a	   sample,	  even	   if	  you	  are	  not	   sure.	  Please	  place	   the	  cover	  back	  on	  the	  glass	  immediately	  after	  you	  have	  finished	  with	  it.	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Please	  take	  a	  1	  minute	  break	  between	  each	  flight.	  During	  this	  break,	  sniffing	  the	  water	  in	  the	  glass	  provided	  can	  help	  clear	  your	  nose	  from	  any	  residual	  odors.	  
Thank	  you.	  
981	  	  	  	  	  	   	  276	  	  	  	  	  	   313	  
	  
829	  	  	  	  	  	  	  	  	  	  	  614	  	  	  	  	  	  	  	  	  644	  
	  
740	   	   479	   	   195	  
	  
480	   	   580	   	   279	  
	  
326	   	   518	   	   236	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APPENDIX	  5	  :	  INSTRUCTIONS	  TO	  PARTICIPANTS	  (TASTE)	  
(CHAPTER	  5)	  





Instructions	  to	  participants	  In	  front	  of	  you	  are	  three	  samples	  of	  wine	  labeled	  with	  a	  3-­‐digit	  code.	  Two	  are	  the	  same	  and	  one	  is	  different.	  
Please	  taste	  each	  sample	  in	  the	  order	  given	  below	  (from	  left	  to	  right)	  and	  spit	  out	   the	  sample.	  Circle	   the	  code	  that	  corresponds	  to	   the	  sample	  that	   is	  DIFFERENT	  from	  the	  other	  two.	  
Please	  rinse	  your	  mouth	  with	  water	  three	  times	  between	  wine	  samples.	  
You	  must	  choose	  a	   sample,	  even	   if	  you	  are	  not	   sure.	  Please	  place	   the	  cover	  back	  on	  the	  glass	  immediately	  after	  you	  have	  finished	  with	  it.	  
Thank	  you.	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245	  	  	  	  	  	   	  355	  	  	  	  	  	   589	  
________________________	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Name………………	   Wine	  code………………	  
Date………….	  
Please	  smell	  each	  of	  the	  following	  wines	  and	  record	  the	  intensity	  of	  each	  odor	  on	  the	  scales	  
below:	  
Red	  Berry	  
	  Absent	   	  	  	  	  	  	  	  	  	  	  	  	  High	  
Cherry	  
	  Absent	   	  	  	  	  	  	  	  	  	  Very	  	  	  high	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Earthy/Musty	  
	  Absent	   	  	  	  	  	  	  	  	  	  	  	  	  High	  
Mineral/metallic	  
	  Absent	   	  	  	  	  	  	  	  	  	  	  	  	  High	  
Green/vegetal	  
	  Absent	   	  	  	  	  	  	  	  	  	  	  Very	  	  high	  
Irritation	  
	  Absent	   	  	  	  	  	  	  	  	  	  	  	  	  Very	  high	  
Overall	  aroma	  balance	  
165	  
	  Very	  unbalanced	   Very	  well	  balanced	  
Other	  aromas	  (please	  list)	  
